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The image of progress in science as a kind of conquest of an unknown domain with 
a definite “frontier” and successive ‘breakthroughs’ seems to me more and more to be 
only a romantic illusion. ... There are many frontiers and it comes down to the fact 
that in science one can only sometimes talk of progress. Whenever there is an ad- 
vance, there is a frontier, not the other way around. 


George E. Uhlenbeck (1971, p. 449-450)! 


Facts are never completely independent of each other ... every fact reacts upon 
many others. Every change and every discovery has an effect on a terrain that is 
virtually limitless. It is characteristic of advanced knowledge, matured into a co- 
herent system, that each new fact harmoniously—though ever so slightly—changes 
all earlier facts. Here every discovery is actually a recreation of the whole world as 
construed by a thought collective. 


Ludwik Fleck (1979, p. 102)2 


I. INTRODUCTION 


A. Dedication 


This contribution is dedicated to the memory of our colleague and 
friend, Frederik Bang, who uncovered some of the most intriguing 
questions about the biology of coronaviruses. Beginning with the dis- 
covery that mouse hepatitis virus (MHV) could grow in and destroy 
macrophages in culture (Bang and Warwick, 1959) and that mac- 
rophage susceptibility in vitro reflected a genetic determinant for sus- 
ceptibility in the mouse, Bang and Warwick, (1960; Kantoch et al., 
1963) constructed a simple model to explain genetic resistance and 
susceptibility to this virus. For more than two decades, Bang (1978, 
1981) and his colleagues explored genetic and environmental aspects 
of host resistance and susceptibility to MHV, and the effects of MHV 
on macrophages. At the Wurzburg Symposium on the Biochemistry 
and Biology of Coronaviruses in 1980, Dr. Bang (1981) recounted the 
changes in his thinking about mechanisms of host resistance, as many 
of the conclusions drawn from earlier experiments were reinterpreted 
in the light of subsequent findings. As always, he spoke with humility 
and humor, and displayed his distinctive interest in host—parasite in- 
terrelations. Unfortunately, that was his last opportunity to address 
his colleagues in this rapidly expanding field. We shall miss him. 


1Reprinted by permission from Nature 232, 449-450. Copyright © 1971 Macmillan 
Journals Limited. 

2Reprinted from “Genesis and Development of a Scientific Fact” by Ludwig Fleck by 
permission of The University of Chicago Press. Copyright © 1979 by The University of 
Chicago Press. 
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B. Emergence of Coronaviruses 


Coronaviruses have been known, although not by that name, for 
almost five decades. This previously unrecognized group emerged dur- 
ing the 1960s in the aftermath of the discovery of several new human 
respiratory pathogens. Avian infectious bronchitis virus (IBV), mouse 
hepatitis virus, and some newly described human respiratory viruses 
were noted to have a similar appearance (Almeida and Tyrrell, 1967; 
McIntosh et al., 1967b; Becker et al., 1967). In contrast to myxoviruses, 
with which they had been previously compared (Berry et al., 1964; 
Mallucci, 1965), these viruses displayed a characteristic fringe of 
large, distinctive, petal-shaped peplomers or spikes which resembled a 
crown, like the corona spinarum in religious art; hence the name coro- 
naviruses (Fig. 1A; Tyrrell et al., 1968). In addition to their mor- 
phological similarities, some of the human coronaviruses (HCV) were 
noted to be antigenically related to MHV (Tyrrell et ail., 1968; McIn- 
tosh et al., 1969; Bradburne, 1970). Between 1968 and 1974, research 
on coronaviruses emphasized morphologic and immunologic relation- 
ships and comparative biology. Several new viruses were added to the 
coronavirus group: porcine transmissible gastroenteritis virus 
(TGEV), porcine hemagglutinating encephalomyelitis virus (HEV), 
rat coronavirus (RCV), sialodacryoadenitis virus of rats (SDAV), tur- 
key bluecomb disease virus (TCV), and neonatal bovine diarrhea coro- 
navirus (BCV). A comprehensive review by McIntosh (1974) provides 
an excellent overview of early coronavirus research. 

In 1975, the International Committee on the Taxonomy of Viruses 
approved the creation of a new family, Coronaviridae, with one genus, 
Coronavirus (Tyrrell et al., 1975), Additional species were added later 
including canine coronavirus (CCV), feline infectious peritonitis virus 
(FIPV), and human enteric coronaviruses (HECV) (Tyrrell ez al., 
1978), rabbit coronaviruses (Small e¢ al., 1979; LaPierre et al., 1980), 
and several others (reviewed by Wege et al., 1982). Table I shows the 
coronaviruses with their natural hosts and the major diseases which 
they induce. Clearly the coronaviruses are important pathogens of 
man and domestic animals. Timely reviews of several aspects of the 
biology and pathogenesis of coronaviruses have been published by Vir- 
elizier (1981), Macnaughton and Davies (1981), and Wege ef al. (1982). 

During the past several years, substantial progress has been made 
in understanding the structure and replication of coronaviruses. The 
Symposium on the Biochemistry and Biology of Coronaviruses held in 
Wurzburg in October, 1980 dramatized the emergence of exciting fron- 
tiers in coronavirus research (ter Meulen et al., 1981). Siddell e¢ al. 
(1982) have written an excellent review of the structure and replica- 
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TABLE I 


MEMBERS OF THE CORONAVIRUS GROUP 


Natural 
Common name of virus Designation host Diseases 
Avian infectious bronchitis IBV Chicken Tracheobronchitis, nephritis, 
virus oviduct hypoplasia 
Bluecomb disease virus TCV Turkey Enteritis 
Mouse hepatitis virus MHV Mouse Hepatitis, encephalomyelitis, 
enteritis, interstitial 
pneumonia 
Rat coronavirus RCV Rat Pneumonia, rhinotracheitis 
Sialodacryoadenitis SDAV Rat Sialodacryoadenitis, ker- 
atoconjunctivitis, 
rhinotracheitis 
Transmissible gastroen- TGEV Pig Gastroenteritis 
teritis virus 
Hemagglutinating encepha- HEV Pig Encephalomyelitis, gastroen- 
lomyelitis virus teritis (“vomiting and 
wasting disease”) 
Porcine virus CV777 PCV Pig Enteritis 
Neonatal calf diarrhea BCV Bovine Gastroenteritis 
coronavirus 
Human coronavirus HCV Human Common cold 
Human enteric coronavirus HECV Human Gastroenteritis (?) 
Canine coronavirus CCV Dog Gastroenteritis 
Feline infectious peritonitis FIPV Cat Meningoencephalitis, pan- 
virus ophthalmitis, peritonitis, 
pleuritis, pneumonia, 
wasting disease, vasculitis 
(“immune complex dis- 
ease”), disseminated gran- 
ulomatous disease 
Feline enteric coronavirus FECV Cat Enteritis 
Pleural effusion disease RbCV Rabbit (?) Pleuritis, myocarditis 
virus 
Rabbit enteric coronavirus RbECV Rabbit Enteritis 


tion of coronaviruses, summarizing the state of knowledge shortly 
after the Wurzburg Symposium. 

The purpose of this article is to describe the development of our 
present understanding of the molecular biology of coronaviruses. We 
have taken an historical approach to the subject, using figures from 
some of the key papers to illustrate the development of our present 
concepts. We are grateful to our colleagues for making these figures 
and their unpublished data available to us. We hope that this contribu- 
tion will convey the sense of excitement and cooperation which has 
characterized this period in coronavirus research. 
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Il. STRUCTURE AND ORGANIZATION OF VIRIONS 


A. Viral Structure 


Negative stains of coronaviruses from eggs, clinical specimens or 
media over tissue, or organ cultures infected with coronaviruses re- 
vealed the characteristic viral structure shown in Fig. 1A (Berry e¢ al., 
1964; Tyrrell and Almeida, 1967; McIntosh ef al., 1967a; Almeida and 
Tyrrell, 1967; Apostolov et al., 1970; Oshiro et al., 1971; Kennedy and 
Johnson-Lussenberg, 1975~1976). The virions were spherical, enve- 
loped particles ranging from 80 nm to 160 nm in diameter. They 
showed some pleiomorphism, and frequently had a shallow central 
hollow containing some negative stain. Indeed, on the basis of nega- 
tively stained images of IBV, Bingham and Almeida (1977) suggested 
that the morphology of coronavirus virions might resemble a punched- 
in sphere. Whether this represents the true morphology of the virions 
or is a deformation resulting from drying and negative staining re- 
mains to be determined. Coronavirus morphology has been reviewed 
by McIntosh (1974), Oshiro (1973), Pensaert and Callebaut (1978), and 
Robb and Bond (1979a). 

Most coronaviruses appear to have only one morphologic type of 
surface projection or peplomer. The peplomers of coronaviruses are 
large and roughly club shaped. For MHV, each peplomer is about 20 
nm long by 7 nm wide at the tip (Sturman et al., 1980). There are 
approximately 200 peplomers per virion. It is not known how many 
glycoprotein molecules form each peplomer. The peplomers of different 
coronaviruses have somewhat different appearances in negatively 
stained preparations (Caul and Egglestone, 1977; Davies and Mac- 
naughton, 1979). 

For BCV, Bridger et al. (1978) have suggested that there may be two 
morphologically distinct types of peplomers. Analysis of the structural 
proteins of BCV (Section IIC) also suggested that there might be an 
additional species of glycoprotein in the virion (King and Brian, 1982). 
Possibly this additional glycoprotein forms the second type of peplo- 
mer. Two types of peplomers have been observed rarely on HEV and 
MHV virions (Greig et al., 1971; Sugiyama and Amano, 1981). It is not 
clear to what extent the morphological differences between peplomers 
of coronaviruses reflect differences in amino acid sequence, glycosyla- 
tion, proteolytic cleavage, or reduction of disulfide bonds (see Sections 
TI,C and IV,A). 

Many preparations of cornaviruses contain some virus particles 
which partially or completely lack peplomers. Storage of virions may 
lead to detachment of peplomers, and under some conditions virions 
lacking peplomers can be formed in infected cells (Holmes et al., 
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Fic. 1. Ultrastructure of coronavirus virions and viral components. (A) Virions of the 
avian coronavirus IBV in negatively stained preparation. Characteristic petal-shaped 
peplomers project from the viral envelope and a central hollow contains a shallow pool of 
negative stain. x 120,000. (Courtesy of J. Almeida.) (B) Nucleocapsid released from 229E 
virions and isolated by sucrose density gradient ultracentrifugation after the method in 
Caul et al., (1979). The helical structure and the hollow central core of the necleocapsid 
are evident. 150,000. (Courtesy of E. O. Caul.) (C) The membrane glycoprotein E1 of 
mouse hepatitis virus (MHV) purified by density gradient ultracentrifugation following 
detergent disruption of purified virions after the method in Sturman et al. (1980). The H1 
glycoprotein forms aggregates of irregular sizes x 100,000. (D) The peplomeric glycopro- 
tein E2 of MHV purified by the same technique forms rosettes or single peplomers. 
Arrows indicate rosettes. x 100,000. (C and D from K. V. Holmes.) 


1981a,b; see Section IJ,D). Macnaughton and Davies (1980) isolated 
noninfectious, empty IBV particles. Such particles have not yet been 
identified for other coronaviruses. 

The virions of coronaviruses are rather fragile and tend to disrupt 
upon storage and/or during the negative-staining procedure (Apos- 
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tolov et al., 1970). This can be prevented by fixation of virions with 
glutaraldehyde prior to negative staining. In spontaneously disrupted 
preparations of coronaviruses, fragments of viral envelopes are fre- 
quently seen. However, the internal component of coronaviruses has 
been more difficult to visualize in negatively stained preparations. 
Thin sections of infected cells or virions demonstrated a flexible, cylin- 
drical nucleocapsid which was probably helical (see Section III,F). 
Kennedy and Johnson-Lussenberg (1975-1976) showed that thread- 
like nucleocapsids, 8-9 nm in diameter, were released from dis- 
rupted HCV-229E virions. These were very pleiomorphic and may rep- 
resent strands which had uncoiled from helical nucleocapsids. The 
most tightly coiled helical nucleocapsids were obtained from virions 
which were spontaneously disrupted by storage at 25°C overnight. 
Macnaughton et al. (1978) found hollow, helical nucleocapsids, 14-16 
nm in diameter and up to 0.32 um long, released from purified prepa- 
rations of HCV-229E and MHV-3 virions. The unit length of coro- 
navirus nucleocapsids has not yet been determined, although nu- 
cleocapsids up to 6 »m long have been observed (Davies et al., 1981). 
Caul et al. (1979) purified helical nucleocapsids from HCV-229E (Fig. 
1B). The nucleocapsid was about 9—11 nm in diameter. Coronavirus 
nucleocapsids appeared to be more flexible and easier to uncoil than 
paramyxovirus nucleocapsids. Recent studies of helical nucleocapsids 
of negative-stranded RNA viruses (Heggeness et al., 1980, 1982) 
showed that these properties depended upon the ionic strength and 
cation composition of the buffers. It appears likely that the appropriate 
conditions for further characterization of the structure of coronavirus 
nucleocapsids will be identified in the near future. 

In addition to permitting analysis of the viral nucleocapsid, disrup- 
tion of coronaviruses with nonionic detergents such as NP-40 or Triton 
X-100 has permitted the isolation of the envelope glycoproteins of coro- 
naviruses (Section II,G). The morphology of the two envelope glycopro- 
teins of MHV isolated from detergent-disrupted virions on sucrose den- 
sity gradients is shown in Fig. 1C and 1D (Sturman et al., 1980). 


B. Virus Growth and Purification 


Early studies of coronaviruses were hampered by limited virus 
growth and difficulties with virus purification. Coronaviruses exhib- 
ited restricted host ranges in cell culture, low virus yields were usually 
obtained, and the viruses were highly labile. These difficulties have 
now been overcome for many coronaviruses (Siddell e¢ al., 1982). Suit- 
able permissive cell types and virus strains have been identified and 
conditions have been described which result in greater virus stability. 

Many human coronaviruses were first identified by their growth and 
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cytopathogenicity in human embryonic tracheal and nasal organ cul- 
tures (Tyrrell and Bynoe, 1965; Almeida and Tyrrell, 1967; McIntosh 
et al., 1967a). Some of these viruses have not yet been grown in contin- 
uous cell lines, and great difficulties are still encountered with prima- 
ry isolation of HCVs. Although permissive cell hosts have been de- 
scribed for HCV-229E (Hamre and Procknow, 1966; Hamre et al., 
1967) as well as for tissue culture-“adapted” HCV-OC43 (Bradburne 
and Tyrrell, 1969; Kapikian et al., 1969; Bruckova et al., 1970; Gerna et 
al., 1979; Macnaughton et al., 1980), virus yields of <108 PFU per 
milliliter are usually obtained. However, O. W. Schmidt et al. (1979) 
obtained high yields (up to 109 PFU per milliliter) of tissue culture- 
adapted strains of HCV-OC43 and -229E in a human rhabdomyosar- 
coma cell line. Good growth of some human enteric coronaviruses has 
also been reported in a human rectal carcinoma cell line (Laporte and 
Bobulesco, 1981). 

Early studies of MHV revealed that productive infection could be 
obtained in NCTC1469 and L929 mouse cell lines (Manaker et al., 
1961; Tanaka et al., 1962; Hartley and Rowe, 1963; Mosley, 1961). 
However, both of these cell lines contained endogenous retroviruses 
(David-Ferreira and Manaker, 1965; Dales and Howatson, 1961), thus 
limiting their usefulness for propagation and biochemical studies of 
MHV. In 1972, Sturman and Takemoto reported that the growth of 
MHV was enhanced in AL/N and BALB/c 3T3 mouse cells which were 
transformed by papovaviruses or retroviruses. A “spontaneously” 
transformed BALB/c 3T3 cell line, designated 17 Cl 1, was also shown 
to be a highly permissive host for MHV, yielding >108 PFU per millili- 
ter. Two additional transformed cell lines have also been found to 
produce high yields of MHV: DBT, a Schmidt-Ruppin Rous sarcoma 
virus-induced mouse tumor cell line (Hirano et al., 1974, 1976, 1978), 
and Sac (—), a Maloney sarcoma virus-transformed mouse cell line 
which is defective in retrovirus production (Spaan et al., 1981). In 
contrast to HCV and MHV, no continuous cell line is available which 
produces large amounts of IBV. Limited growth of a few strains of IBV 
has been obtained in VERO and BHK-21 cells (Cunningham eft al., 
1972; Coria and Ritchie, 1973; Otsuki et al., 1979). However, high 
yields of some strains of IBV have been obtained in primary chick 
embryo kidney cells (Otsuki et al., 1979; Stern and Kennedy, 1980a). 

Another development which facilitated progress in this field was the 
recognition that coronaviruses are most stable between pH 6.0 and 6.5 
(Pocock and Garwes, 1975; Alexander and Collins, 1975; Sturman, 
1981) (Fig. 2). At pH 6.0, the half-life of MHV infectivity at 37°C in the 
presence of 10% fetal bovine serum was 24-hours, whereas at pH 8.0, a 
50% loss in virus infectivity occurred in less than 1 hour. The rapid loss 
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Fic. 2. pH dependennce of thermal inactivation of MHV. Purified virions of MHV 
were diluted in buffer at different pHs and incubated for 24 hours at 4° (©) or 37°C (@). 
Stability of viral infectivity is shown as the ratio of viral titer at 24 hours/titer at 0 time, 
x100. At 4°C the virus is quite stable from pH 4 to 10. However, at 37°C the virus 
exhibits marked thermolability at pHs <4.5 and >6.5. (Reproduced from Sturman, 1981, 
with permission.) 


of infectivity at pH 8.0 was associated with aggregation of the peplo- 
meric glycoprotein (Sturman, 1981). 


C. Structural Proteins 


Several unique features of the coronavirus glycoproteins, as well as 
the lack of suitable permissive cell types for some coronaviruses and 
residual host-cell contamination of other coronaviruses, delayed recog- 
‘nition that coronaviruses all possess a similar pattern of structural 
proteins. Recently, the general organization of coronavirus structural 
proteins has become apparent. Figure 3 illustrates a model of the 
structure of MHV-A59. We will use this model and the nomenclature 
developed during our studies of the structural proteins of MHV for the 
following discussion of coronavirus structural proteins and their 
organization. 
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A UNTREATED VIRUS B PRONASE- OR BROMELAIN-TREATED VIRUS 


GLYCOSAMINO- 
GLYCAN — 


E2- 


E1— 


LIPID 
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C VIRUS FROM TUNICAMYCIN- TREATED CELLS 


Fic. 3. Model for the structure of the coronavirus MHV. This model is based on 
studies of the proteins and nucleic acid of MHV virions. (A) The envelope of the intact 
virions contains two envelope glycoproteins, E1 and E2, in a lipid bilayer. The helical 
nucleocapsid is composed of a single long strand of message sense, genomic RNA with 
the nucleocapsid protein, N. Glycosaminoglycan is associated with the viral envelope. 
(B) Treatment of the virions with Pronase or bromelain removed the bulk of E2, a 5K 
glycosylated portion of E1, and the glycosaminoglycan, but leaves the nucleocapsid 
intact. (C) Virions released from cells treated with tunicamycin lack E2 but contain 
normal amounts of glycosylated E1 and nucleocapsid. 


1. Mammalian Coronaviruses 


In 1975, Garwes and Pocock characterized the structural polypep- 
tides of TGEV, a porcine coronavirus. Although analysis of coro- 
navirus polypeptides had been attempted earlier, those studies were 
less definitive since they utilized virus produced in animals or eggs 
which may have been contaminated with some host-cell components 
(Hierholzer et al., 1972; Bingham, 1975). Working with radiolabeled 
TGEV produced in cell culture, Garwes and Pocock identified four 
major polypeptide peaks on sodium dodecy] sulfate (SDS)—polyacryl- 
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amide gels. Treatment of virions with bromelain removed the peplo- 
mers and the largest glycoprotein (200K), which is analogous to the 
one which we have called E2 in Fig. 3 (Garwes and Pocock, 1975). A 
single, nonglycosylated, arginine-rich, 50K species similar to N, and 
two smaller (28 and 30K) glycoproteins, analogous to E1 in Fig. 3, were 
also identified and partially characterized (Garwes et al., 1976). 
Using double-labeled virus grown in tissue culture, the structural 
polypeptides of the A59 strain of MHV were described next (Sturman, 
1977; Sturman and Holmes, 1977). This virus was shown to contain a 
nonglycosylated basic polypeptide, N (50K) and five glycoprotein 
peaks which were separated into two families based on the ratios of 
incorporation of different radiolabeled precursors. The E2 glycopro- 
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Fic. 4. Polypeptide composition of the virions of MHV. (A) Virions labeled with 9H 
glucosamine (O ©) and 14C-amino acids (@---@) were solubilized in SDS and ana- 
lyzed by PAGE. Two classes of glycoproteins, E1 and E2, are identified by the ratios of 
jabels, and a nonglycosylated nucleocapsid protein, N, is seen at 50K. Designation and 
molecular weights of the viral structural proteins are indicated above the arrows. (B) 
Virions labeled with 14C glucosamine (O~---©) and 3H fucose (@---@) showed two 
classes of glycoproteins. The E1 glycoproteins were labeled with glucosamine but not 
with fucose, whereas the E2 glycoproteins were labeled with both. (Adapted from Stur- 
man and Holmes, 1977, with permission.) 
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teins (gp180 and gp90) were labeled with both fucose and glucosamine, 
whereas the E1 glycoproteins (gp23, gp38, and gp60) were labeled with 
glucosamine but not fucose (Fig. 4B). A surprising finding was the 
demonstration that E1 (gp23) aggregated when heated to 100°C in the 
presence of SDS and mercaptoethanol, generating several forms of 
higher apparent molecular weights (Sturman, 1977; Fig. 4B). When 
virions were solublized in SDS at 37°C, only a single broad peak at 23K 
was observed (Fig. 5A). The 180K form of E2 could be converted quan- 
titatively to 90K by treatment of intact virions with trypsin, which did 
not remove the peplomers (Fig. 6; Sturman and Holmes, 1977). When 
the 180 and 90K E2 glycoproteins were extracted from polyacrylamide 
gels and further digested with trypsin, virtually identical tryptic pep- 
tide patterns resulted. These results suggested either that proteolytic 
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Fic. 5. Effect of boiling on viral polypeptides and effect of protease treatment of 
virions. (A) Virions labeled with 3H glucosamine (@---@) and 14C-amino acids (O——O) 
were prepared for PAGE by incubating at 37°C for 30 minutes instead of boiling. The E1 
glycoprotein did not aggregate into dimers and trimers as shown in Fig. 4, but migrated 
as a broad peak of 23K. Designations and molecular weights of the viral structural 
proteins are indicated above the arrows. (B) When virions similarly labeled were incu- 
bated with the proteolytic enzyme bromelain, the E2 glycoprotein and the 5K glycosy- 
lated portion of E1 were removed, leaving an 18K portion protected within the viral 
envelope with the nucleocapsid protein N (VP 50K). (Adapted from Sturman and 
Holmes, 1977, with permission.) 


MOLECULAR BIOLOGY OF CORONAVIRUSES 47 


N 
j4lo £20180) E290) + El Noe 
ae ea aaa + @] 
12h ‘ ea 
lor 720 


--- 3H (cpm x 1075) 
—— 4c (cpm x 1073) 


FRACTION NUMBER 


Fic. 6. Cleavage of the E2 glycoprotein by trypsin treatment of MHV virions. (A) 
Virions labeled with !4C glucosamine (O——-©) and 3H valine (@---@) showed E1, N, 
and two peaks of the E2 glycoprotein at 90K and 180K. (B) Following treatment of intact 
virions with 10 j:g/ml trypsin, the 180K form of E2 was quantiatively converted into the 
90K form(s), while the other two structural proteins were unchanged. (Adapted from 
Sturman and Holmes, 1977, with permission.) 


cleavage of the 180K form of E2 yielded two different 90K forms which 
comigrated, or that the 180K E2 might be a covalently linked dimer of 
a single 90K species. Thus, although the MHV virion was composed of 
only three major structural proteins, multiple forms of E1 and E2 were 
generated by aggregation and proteolysis. Similar observations have 
been made with some other coronaviruses (see below). The structures 
and functions of these two glycoproteins will be considered in detail in 
Section IV. 

The study of MHV-A59 also provided information about the relative 
ratios of the structural proteins and their orientation in the virion. On 
the basis of incorporation of radioisotopic labels, we estimated that the 
proteins occur in virions in a ratio of 8 N: 16 E1:1 E2 (Sturman et ai., 
1980). As with TGEV, treatment of virions with bromelain or Pronase 
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resulted in the loss of E2 (Fig. 5B) and removal of the peplomers or 
spikes on the virion (Sturman and Holmes, 1977). Pronase also re- 
moved a 5K glycosylated portion of E1, which suggested that a termi- 
nal glycosylated region of E1 was exposed on the outer surface of the 
viral envelope, while a larger (18K) nonglycosylated region was pro- 
tected within the envelope. Since Pronase treatment of intact virions 
did not affect N (50K), N was thought to be an internal protein. The 
structural relationships of these three viral polypeptides are summa- 
rized in the model in Fig. 3. 

Wege et al. (1979), investigating the structural proteins of the JHM 
strain of MHV, detected two species of E1 on SDS—polyacrylamide gel 
electrophoresis (SDS-PAGE) which appeared to correspond to non- 
glycosylated and glycosylated forms of E1. In addition, they showed 
that the E2 (90K) of MHV-JHM could be resolved into two distinct 
bands. In contrast to E2 from MHV-A59, the E2 of JHM became aggre- 
gated with Ei when heated to 100°C and remained near the origin of 
the resolving gel (Wege et al., 1979; Siddell et al., 1981b). Comparison 
of a variety of strains of MHV revealed that some of the homologous 
polypeptides from different strains were distinguishable by PAGE 
(Stohlman and Lai, 1979; Anderson et al., 1979; Bond et al., 1979; 
Cheley et al., 1981b). This may be useful in genetic and complementa- 
tion studies. 

Stohlman and Lai (1979) demonstrated that the N polypeptide of 
MHV was phosphorylated on serine residues (Fig. 7). Subsequently, 
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Fic. 7. Phosphorylation of the nucleocapsid protein of MHV. Polypeptides of MHV- 
A59 virions labeled with [82P orthophosphate (4) and 8H-amino acids (©) showing that 
only the N polypeptide is phosphorylated. (Reproduced from Stohlman and Lai, 1979, 
with permission.) 
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Siddell et al. (1981a) identified a cyclic AMP-independent protein 
kinase activity which copurified with the virion (Fig. 8). The func- 
tional significance of phosphorylation for transcription, translation, or 
maturation of the viral nucleocapsid is not yet known. 

The nucleotide sequence of the RNA encoding the nucleocapsid pro- 
tein of MHV-A59 was recently determined by Armstrong et al. (1983). 
This sequence contained a single long open reading frame encoding a 
protein of molecular weight 49,660 which was enriched in basic resi- 
dues. There was also a second short, open reading frame in this se- 
quence predicting a polypeptide of 90 amino acids. However, no such 
product has yet been identified. 

The pattern of three major structural proteins and their organiza- 
tion in the virion as shown for MHV-A59 in Fig. 3 is generally applica- 
ble to most other species of coronaviruses (reviewed in detail by Siddell 
et al., 1982). Although the proteins of different coronaviruses have 
different molecular weights, similar polypeptide patterns have been 
obtained with the porcine coronaviruses, transmissible gastroenteritis 
virus, and hemagglutination encephalomyelitis virus (Garwes and 
Pocock, 1975; Pocock and Garwes, 1977; Callebaut and Pensaert, 1980; 
K. Moreau and D. A. Brian, personal communication), and with canine 
coronavirus I71 (Garwes and Reynolds, 1981; Carmichael and Binn, 
1981; see the review by Garwes, 1980). The structural polypeptides of 
several of the mammalian coronaviruses, including those from rats, 
cats, and rabbits, have not yet been investigated. Macnaughton (1980) 
and Schmidt and Kenny (1982) reexamined the polypeptide composi- 
tion of the human coronaviruses 229K and OC43 and obtained results 
similar to MHV. Schmidt and Kenny demonstrated that the E1 of 
OC43 aggregated upon heating in SDS under reducing conditions, 
whereas E1 from 229E did not. 

Several coronaviruses may have an additional envelope glycopro- 
tein. In some bovine and porcine coronaviruses, three or four large 
glycoprotein peaks associated with the virus peplomers have been 
identified by SDS-PAGE (King and Brian, 1982; Callebaut and Pen- 
saert, 1980), and more than one morphologically distinguishable spike 
has been detected by electron microscopy (Bridger et al., 1978). It has 
been suggested that these viruses possess several different types of 
peplomers. However, the relationship between the components de- 
tected on SDS gels and the morphologic subunits of these viruses has 
not yet been elucidated. 


2. Avian Coronaviruses 


For some time it appeared that the structural polypeptides of an 
avian coronavirus, IBV, were more complex than those of mammalian 
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Fic. 8. Demonstration of virion-associated protein kinase activity. Virion-associated protein kinase activity is 
demonstrated in detergent-disrupted MHV virions by the incorporation of 32P from orthophosphate into protein. The 
PAGE pattern on the right indicates that the only viral structural protein phosphorylated during this reaction is N. 
Lanes indicate times after initiation of the reaction; molecular weight standards are shown on the right. (Reproduced 
from Siddell et al., 1981a, with permission.) 
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coronaviruses (Bingham, 1975; Collins eé al., 1976; Alexander and Col- 
lins, 1977). However, Macnaughton and Madge (1977a) demonstrated 
that harsh conditions of sample treatment generated spurious addi- 
tional bands on SDS gels. These studies were extended by Collins and 
Alexander (1980a,b) and Lancer and Howard (1980). By 1981, it was 
apparent from the work of several investigators (Cavanagh, 1981; 
Wadey and Westaway, 1981; Lomniczi and Morser, 1981; Mac- 
naughton, 1981; Stern et al., 1982) that there were three major classes 
of IBV structural polypeptides. Contamination by host polypeptides 
seems to have caused many of the problems associated with studies 
using virus grown in embryonated egge (Wadey and Westaway, 1981; 
Cavanagh, 1981). 

Lomniczi and Morser (1981) showed that the N polypeptide of IBV 
was phosphorylated like that of MHV (Stohlman and Lai, 1979). They 
found that actin was bound to the surface of purified IBV virions. In 
contrast, actin has not been detected in purified mammalian coro- 
naviruses. The polypeptide composition of another avian coronavirus, 
turkey bluecomb disease virus, has not yet been reported. 


3. Oligosaccharides of Coronavirus Glycoproteins 


Differences in the carbohydrate compositions of E1 and E2 for MHV 
were first indicated by results obtained from metabolic labeling of 
virions with radioisotopic precursors. E2 was labeled with both fucose 
and glucosamine, whereas El was labeled with glucosamine but not 
with fucose (Sturman and Holmes, 1977). The carbohydrate composi- 
tions of El and E2 were analyzed by Niemann and Klenk (1981a,b). 
Their results are shown in Table II. As coronaviruses were often 
grouped with myxoviruses in early classification schemes, it is in- 
teresting to note that both E1 and E2 contained sialic acid, unlike the 
myxovirus glycoproteins. E2 also contained substantial amounts of 
mannose and galactose plus fucose, glucose, and N-acetylglucosamine. 
These sugars are all found in high mannose and complex oligosac- 
charides which are derived from a mannose-trisaccharide core N- 
glycosidically linked to asparagine residues in the protein. The 
oligosaccharide side chains of E1 were strikingly different from those 
of E2, in that they lacked fucose and contained a high proportion of N- 
acetylgalactosamine, which was absent from E2. Recent evidence indi- 
cates that in MHV-infected cells labeled with glucosamine, the 
glucosamine is converted to N-acetylgalactosamine prior to incorpora- 
tion into the E1 glycoprotein (H. Niemann, personal communication). 
The carbohydrate composition of the E1 glycoprotein suggested that 
E1 oligosaccharides might possess O-glycosidic linkages to serine or 
threonine residues in the protein. The same conclusion was reached by 


52 LAWRENCE S. STURMAN AND KATHRYN V. HOLMES 


others (Holmes et al., 1981a,b; Siddell ef al., 1981c; Rottier et al., 
1981b) based on the resistance of the glycosylation of E1 to tunicamy- 
cin, an inhibitor specific for N-glycosylation. Such O-linked glycopro- 
teins had not been found previously in viruses. The glycopeptides of E1 
and E2 were readily distinguishable by electrophoresis on 
borate—polyacrylamide gels at high pH (Sturman, 1981; Holmes et al., 
1981a) and by column chromatography on Biogel P6 (Niemann and 
Klenk, 1981a). Niemann and Klenk (1981b) demonstrated conclu- 
sively that the oligosaccharide moieties on E1 were attachd by O- 
glycosidic linkages since they could be released by B-elimination with 
sodium borohydride. Recently, H. Niemann e¢ al. (personal commu- 
nication) have used high-performance liquid chromatography (HPLC) 
to characterize two species of oligosaccharide chains released from E1 
by 8-elimination. These are shown in Fig. 9. It is highly probable that 
the virus makes use of host-cell enzymes for O-linked glycosylation as 
other viruses do for N-linked glycosylation. Thus, the E1 glycoprotein 
of MHV is of considerable interest as a model for studying the syn- 
thesis and glycosylation of O-linked cellular glycoproteins (see Sec- 
tions III,D and IV,B). 

There appears to be considerable variation in the glycosylation of 
the E1 glycoproteins of different coronaviruses. The E1 of some MHV 
strains could not be labeled with glucosamine (Anderson et al., 1979) 
and the E1 of TGEV was labeled with both fucose and glucosamine 
(Garwes and Pocock, 1975; also see review by Garwes, 1980). Recent 


TABLE II 


SuGAR CoMPOSITION OF GLYCOPEPTIDES FROM El AND E2 or Coronavirus A59¢ 


El 

WGA? bound WGA unbound E2 
Sugar constituent % Ratio % Ratio %o Ratio 
Fucose 0 0 0 0 3.5 0.47 
Mannose 2.54 0.09 3.05 0.18 22.2 3.00¢ 
Galactose 28.87 1.00¢ 17.02 1.00¢ 21.3 2.87 
Glucose 2.26 0.12 8.76 0.51 6.8 0.92 
GlcNAc 28.73 1.00 15.73 0.92 46.3 6.27 
GalNAc 59.50 2.16 68.87 4.04 0) 0 
Neuraminic acid@ + + + 


2 From Niemann and Klenk (1981a,b). 

® WGA, wheat germ agglutinin. 

© Ratios based on this derivative. 

4 Determinated by high-voltage paper electrophoresis. 
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Fic. 9. Structures of the O-linked side 
chains of glycoprotein E1 of MHV. Two 
species of oligosaccharide chains were re- 
leased from glycoprotein E1 of MHV-A59 
by B-elimination and purified by high-per- a 
formance liquid See Ren Ess The Reuihee 2 seat 27 SeeNAe dH 
structures for oligosaccharides A and B NeuNAc 
are based on gas chromatographic—mass 
spectrometric analysis of partially methy- 
lated alditol acetates and sequential deg- NeuNAc2—*-»3Gal 1——> 3GaINAc—OH 
radation by exoglycosidases. (Courtesy of 
H. Niemann, R. Geyr, and H.-D. Klenk 
after an article submitted to J. Biol. 

Chem.) 


a 


evidence from endoglycosidase H sensitivity and tunicamycin inhibi- 
tion studies indicated that the El glycoprotein of IBV is N-linked, 
rather than O-linked (Stern and Sefton, 1982c). The biological signfi- 
cance of N- versus O-linkage of the oligosaccharides is not known. 

Other constituents of El and E2 have been identified. E1 and E2 
could both be labeled with “5S sulfate (Garwes et al., 1976; L. S. Stur- 
man, unpublished data). By analogy with glycoproteins of orthomyxo- 
paramyxo-, and rhabdoviruses (Nakamura and Compans, 1977; Prehm 
et al., 1979; Hsu and Kingsbury, 1982), these sulfate moieties may be 
ester linked to glucosamine or galactosamine residues of oligosac- 
charide side chains and may contribute to the charge heterogeneity of 
the viral glycoproteins. Protein sulfation on tyrosine resides may also 
occur (Huttner, 1982), but this has not yet been reported for viral 
proteins. The significance of sulfate groups for antigenicity or other 
biological functions of viral glycoproteins is not known. 

M. F. G. Schmidt and his co-workers (1979; Schmidt and Schle- 
singer, 1979, 1980; Schmidt, 1982a,b) demonstrated that palmitic acid 
was covalently attached to certain glycoproteins from a variety of en- 
veloped viruses. Niemann and Klenk (1981la) showed that palmitic 
acid was present on the K2 glycoprotein of MHV, but not on El or N. 
Schmidt reported similar results with BCV (1982). Recently, we sepa- 
rated two E2 (90K) species from trypsin-treated MHV-A59 by 
SDS-—hydroxyapatite chromatography (L. S. Sturman and K. V. 
Holmes, unpublished data). Only one of these 90K species contained 
palmitic acid. This palmitic acid may be useful as a marker to identify 
one 90K subunit of the E2 molecule. 

Minor protein species associated with some coronaviruses have also 
been identified, such as gp65 in MHV-JHM (Wege et al., 1979; Siddell 
et al., 1981b). The relationship of such minor components to the other 
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structural proteins of the virion is not yet known. These may represent 
virus-specific polypeptides which are found in infected cells (see Sec- 
tion III,D). 


D. Viral Genome 


As with the structural proteins, the earliest data on the coronavirus 
genome were misleading. Initial observations suggested that coro- 
naviruses contained segmented or multimeric genomes (Tannock, 
1973; Garwes et al., 1975). There were also indications of possible RNA 
polymerase activity associated with the virion (Tyrrell et al., 1975). 
These findings were in accord with the belief then current that coro- 
naviruses were probably similar to myxoviruses. Then Watkins et al. 
(1975) demonstrated that high-molecular-weight RNA could be ex- 
tracted from IBV virions. The large, single-stranded, linear RNA mole- 
cules obtained from IBV were shown to be polyadenylated and infec- 
tious (Schochetman et al., 1977; Lomniczi, 1977; Lomniczi and Ken- 
nedy, 1977; Macnaughton and Madge, 1977b). Lomniczi and Kennedy 
(1977) characterized the IBV genome by electrophoresis on methyl 
mercury gels and by T1 oligonucleotide fingerprinting. This approach 
also proved to be very useful in the comparative analysis of coro- 
navirus genomes and subgenomic virus-specific mRNAs (see Section 
IID). Garwes et al. (1975) extracted high-molecular-weight (60—70 S) 
RNA from TGEV and HEV. However, they observed that the RNA was 
dissociable above 60°C into 35 and 4S species. Tannock and Hierholzer 
(1977) also reported releasing 4 S RNA from HCV-0OC43 RNA and 
fragmentation of the 70 S RNA after heating at 60°C. Lai and Stohl- 
man (1978) found a variable amount of 4S RNA in MHV preparations, 
in addition to 60 S RNA. Garwes et al. (1975), Pocock and Garwes 
(1975), Tannock and Hierholzer (1977), and Lai and Stohlman (1978) 
demonstrated that the size and heterogeneity of the virion RNA which 
was isolated was affected by the time of virus harvest, the pH of the 
culture medium, the method of virus purification and duration of virus 
storage, and the method of RNA extraction. Greater fragmentation of 
coronavirus RNA was observed if virions were harvested at 24 hours 
postinfection versus 16 hours, if cultures were kept at pH 7.2 or 8.0 and 
not at pH 6.5, if virus was purified on potassium tartrate equilibrium 
gradients instead of sucrose gradients, if virions were stored for 24 
hours at 4°C before RNA extraction, and if the RNA was extracted in 
the presence of phenol. Fragmentation was readily detected after heat- 
ing the RNA at 60°C or higher, and by centrifugation through di- 
methyl! sulfoxide gradients. This behavior of coronavirus RNA, as well 
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as other aspects of the structure and physiocochemical properties of 
coronaviruses, is discussed in the excellent review by Garwes (1980). 

It now appears that coronavirus genomes are 5.4—6.9 x 10 daltons 
in size, which corresponds to about 16,000—21,000 nucleotides. RNA 
genomes in this size range have been detected in virions of IBV 
(Schochetman et al., 1977; Macnaughton and Madge, 1977b; Mac- 
naughton, 1978; Stern and Kennedy, 1980a), MHV (Yogo et al., 1977; 
Lai and Stohlman, 1978; Wege et al., 1981b; Macnaughton, 1978; 
Spaan et al., 1981; Leibowitz et al., 1981; Weiss and Leibowitz, 1981), 
HCV (Tannock and Hierholzer, 1977; Macnaughton and Madge, 1978; 
Macnaughton, 1978), TGEV and HEV (Garwes et al., 1975; Brian et al., 
1980), and BCV (Brian et al., 1980). The genomic RNA is infectious 
(Lomniczi, 1977; Schochetman e¢ al., 1977; Wege et al., 1978; Brian et 
al., 1980), capped (Lai and Stohlman, 1981; Lai et al., 1982a), and 
polyadenylated (Schochetman et al., 1977; Lomniczi, 1977; Yogo et al., 
1977; Macnaughton and Madge, 1977b, 1978; Wege et al., 1978; Lai 
and Stohlman, 1978; Guy and Brian, 1979; Lai e¢ al., 1981). For further 
details, see the reviews by Garwes (1980) and Siddell et al. (1982). 

In 1980, Stern and Kennedy (1980b) mapped the location of the T1 
oligonucleotides of the genome in a partial 3’ to 5’ order. Large frag- 
ments of RNA were produced by partial alkali fragmentation of the 
genome. These fragments were fractionated into different size classes 
by sedimentation on sucrose density gradients, and polyadenylated 
RNAs were selected for T1 oligonucleotide analysis. The same ap- 
proach was applied to MHV by Lai et al. (1980). These studies disclosed 
that there was no significant reiteration of oligonucleotides within the 
genome. Analysis of the genetic complexity of the virion RNA indi- 
cated that it was all of the same sense. Since genomic RNA was infec- 
tious, the virion RNA must be of positive or message sense. 

T1 oligonucleotide analysis of coronavirus genomes has been em- 
ployed for comparisons of virus isolates and strains, for characteriza- 
tion of mutants, and for epidemiological investigations. The T1 oligo- 
nucleotide fingerprints of the two isolates of the Beaudette strain of 
IBV which were studied by Lomniczi and Kennedy (1977) and Stern 
and Kennedy (1980a) were found to be quite different. Subsequently, 
Clewley et al. (1981) distinguished 11 oligonucleotide fingerprint pat- 
terns from 13 isolates of IBV, revealing differences between IBV 
serotypes, and also between different preparations of a single serotype. 
This suggested that considerable variation in the genome may be char- 
acteristic of IBV, and possibly of other coronaviruses as well. 

It is characteristic of RNA viruses that the frequency of spontaneous 
mutations is high (Holland et al., 1982), and coronaviruses appear to be 
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no exception to this rule. Analyses of murine coronaviruses have also 
indicated that there is considerable diversity between different 
strains. Wege et al. (1981a) and Lai and Stohlman (1981) found that 
the oligonucleotide fingerprint pattern of the -JHM strain differed sig- 
nificantly from those of MHV-1, -2, -3, -S, and -A59, and that MHV-3 
and -A59 were closest in oligonucleotide patterns. Lai et al. (1981) have 
attempted to correlate strain-specific oligonucleotide differences with 
hepatotropism and neurotropism of MHV-3 and -A59. Stohiman et al. 
(1982b) have characterized oligonucleotide patterns of plaque mor- 
phology variants of -JHM that differ in neuropathogenicity. 

The genetic relatedness of coronaviruses has also been analyzed by 
nucleic acid hybridization. Using a cDNA probe representative of the 
entire genome of MHV-A59, Weiss and Leibowitz (1981) found that 
MHV-3 and -A59 were more closely related to one another than either 
was to -JHM. HCV-229E appeared to be quite unrelated to MHV by 
this technique. Cheley ef al. (1981b), using a cDNA probe prepared 
against the mRNA of MHV-A59 which coded for the nucleocapsid pro- 
tein, obtained evidence of 70-80% homology by analysis of hybridiza- 
tion kineties of viral RNA from cells infected with MHV-1, -3, -S, and 
-JHM. 


E. Viral Lipids 


The lipid composition of coronavirus virions has not been analyzed 
in detail. It appears likely that the lipids of the viral envelope will 
reflect. the lipid composition of the intracellular membranes from 
which virus budding occurs (see Section III,F). Indeed, Pike and 
Garwes (1977) observed that TGEV contained less cholesterol and fat- 
ty acid than was found in the plasma membrane of the cells in which 
the virus was grown. When the virus was grown in different cell types, 
the viral lipids reflected the overall lipid composition of the cells in 
which it was grown. These studies need to be extended using various 
cell-membrane fractions. The role of the lipid composition of cellular 
membranes in coronavirus maturation remains to be elucidated. It 
would be interesting to know whether E1 and the viral nucleocapsid 
preferentially associate with membranes of a certain lipid composition. 
Boundary lipids associated with the hydrophobic portions of E1 and E2 
have not been identified, although palmitic acid has been shown to be 
covalently attached to E2 (Niemann and Klenk, 1981a,b; Schmidt, 
1982a,b) (see Section II,C). 

The derivation of coronavirus envelopes from intracellular mem- 
branes may render the viral envelope less susceptible to solubilization 
by bile salts and other detergents than enveloped viruses which bud 
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from the plasma membrane. Greater stability of the viral envelope to 
solubilization by bile salts would be consistent with the survival and 
replication of these viruses in the enteric tract. Comprehensive studies 
on the relative susceptibility to solubilization of coronavirus envelopes 
and other viral envelopes have not yet been carried out. 


F. Other Host-Derived Components 


Several components of normal host cells or tissues have been found 
to copurify with coronaviruses. The difficulty of obtaining IBV free 
from host-cell contamination and the association of actin with IBV 
have already been mentioned (Section II,B and C). In early studies of 
coronavirus antigens, host antigens were often detected in association 
with the purified virions. Some components of fetal bovine serum ad- 
sorb to and copurify with coronaviruses (Kraaijeveld et al., 1980). It is 
not yet clear whether the protein kinase associated with coronavirus 
particles is a host contaminant or a product of the viral genome. 

Another class of host molecules which copurified with several differ- 
ent coronaviruses was glycosaminoglycans (GAG) (Garwes et al., 1976; 
Sturman, 1980). These are polyanionic, linear polysaccharides such as 
hyaluronic acid, chondroitin sulfate, keratin sulfate, heparan sulfate, 
and heparin, which are secreted by cells and which may remain associ- 
ated with their external surfaces (Roden, 1980; Oldberg et al., 1977; 
Prinz et al., 1980). They tend to aggregate spontaneously with like 
molecules to form large complexes. Multiple chains of GAG molecules 
which are linked to core proteins are called proteoglycans. Garwes et 
al. (1976) showed that some sulfated GAG was associated with TGEV. 
Glycosaminoglycan associated with virions of MHV-A59 was partially 
characterized by enzymatic and chemical degradation (Sturman, 
1980). The GAG associated with MHV-A59 resembled the heparan 
sulfate species produced by uninfected transformed mouse cells, which 
contained a reduced level of 6-O sulfated glucosamine residues (Stur- 
man, 1980; Keller et al., 1980; Winterbourne and Mora, 1981). The 
virion-associated GAG illustrated in Fig. 3 is known to be on the exter- 
nal surface of the viral envelope since it can be removed by protease 
treatment of intact virions. The number of GAG molecules associated 
with each virion is not yet known. 

Cellular GAGs have been found in association with many types of 
enveloped viruses (Compans and Pinter, 1975; Pinter and Compans, 
1975; Lindenmann, 1977; Kemp et al., 1982), but the biological signifi- 
cance of this association is not known. In cells, heparan sulfate may 
play an important role in cell—cell and cell—substrate adhesion, 
growth control, and masking of cell surface receptors (Vannucchi and 
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Chiarugi, 1977; Rollins and Culp, 1979; Oldberg et al., 1979; Kraemer 
and Smith, 1974). One could speculate that virion-associated GAGs or 
proteoglycans could alter viral functions by modifying viral structure, 
antigenicity, or susceptibility to proteolytic enzymes. 


G. Subunits of Virions 


Coronavirus particles may spontaneously disrupt to yield membrane 
fragments and threadlike or helical nucleocapsids (see Section II,A). 
Viral subunits have also been generated for structural and immu- 
nologic analysis by solubilization of the envelope with nonionic de- 
tergents such as NP-40 or Triton X-100 in low salt concentrations. 
After detergent disruption of the viral envelope, solubilized glycopro- 
teins could be separated from the nucleocapsid by sedimentation in 
sucrose density gradients. Garwes et al. (1976) were the first to report 
isolation of the surface projections and nucleocapsid of a coronavirus, 
TGEV, by this technique. Immunization with NP-40-solubilized, gra- 
dient-purified TGEV suface projections (E2) induced neutralizing anti- 
bodies (see Section IV,A). Kennedy and Johnson-Lussenberg (1975— 
1976) isolated a nucleoprotein from 229E by a similar method. Similar 
studies were carried out with HEV and MHV-JHM (Pocock and 
Garwes, 1977; Wege et al., 1979). In these studies, the nucleocapsid 
sedimented at a density of 1.24—1.29 gm/ml and was found to consist of 
RNA in association with both N and E1 structural proteins. Electron 
microscopy revealed spherical “cores” 60 to 70 nm in diameter, some- 
times with a strand approximately 9 nm in diameter inside. Helical 
nucleocapsids (Fig. 1B) were not observed in these studies. In similar 
studies on NP-40-disrupted MHV-A59 (Sturman ef al., 1980), we found 
that the temperature of solubilization determined whether E1 would 
be isolated separately or in association with the nucleocapsid. Solubil- 
ization at 4°C yielded separate peaks of E1, E2, and nucleocapsid (p = 
1.28 gm/ml; Fig. 10A), whereas incubation of the viral extract at 37°C 
for 30 minutes resulted in quantitative binding of E1 to the nucleocap- 
sid forming an E1-N—RNA complex (p = 1.22 gm/ml; Fig. 10B). In 
negatively stained preparations, purified E1 formed irregular aggre- 
gates of varied size, whereas purified E2 was in the form of single 
peplomers or rosette-like aggregates of about 12 peplomers (Fig. 1C 
and D). Purified E1 and E2 were used to raise monospecific antisera 
(Sturman et al., 1980) for the analysis of the functions of the glycopro- 
teins (Holmes e¢ al., 1981b; Section IV). 

The reasons for the difficulty in isolating helical nucleccapsids from 
coronaviruses are not yet clear. EK. O. Caul (personal communication) 
has suggested that the helical nucleocapsid in the virion may be in the 
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Fic. 10, Separation of components of MHV virions and aggregation of E1 with the 
nucleocapsid at elevated temperature. (A) The two glycoproteins, E1 and E2, and the 
nucleocapsid were separated by sucrose density gradient ultracentrifugation following 
detergent disruption of virions at 4°C. (B) When the solubilized virus was headed to 37°C 
for 30 minutes prior to centrifugation, the E1 quantitatively bound to the nucleocapsid, 
forming a new complex. ( ) [3H] fucose; (---) [35S] methionine. (Reproduced from 
Sturman eé al., 1980, with permission.) 


form of a labile supercoiled structure which may be identical to the 60- 
to 70-nm spherical] forms described above. Alternatively, the 60- to 70- 
nm particles could represent incompletely solubilized nucleocapsids 
within a membrane-like structure containing E1. In some intracellu- 
lar inclusions of nucleocapsids, such a structure has been visualized by 
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transmission electron microscopy (Dubois-Dalcq et al., 1982; Section 
IJI,F). Holmes and Behnke (1981) observed that MHV-A59 virions 
changed from spherical to flattened, disk-shaped particles during mi- 
gration from the rough endoplasmic reticulum to the Golgi (Section 
III,F). Such a change may be correlated with supercoiling of the nu- 
cleocapsid strands. 

Several investigators have studied the susceptiblity of isolated coro- 
navirus nucleocapsids to digestion with proteases or RNase. Using an 
electron microscopic assay, Davies et al. (1981) showed that the nu- 
cleocapsid of IBV was destroyed by trypsin or Pronase and was par- 
tially susceptible to degradation by pancreatic ribonuclease. 


II]. VirAu REPLICATION 


A. Summary 


During the past few years, a comprehensive understanding of coro- 
navirus replication has begun to emerge. Our current concept of coro- 
navirus replication is shown in Fig. 11. Although coronaviruses have 
structural similarities to the large, enveloped, negative-stranded 
orthomyxo- and paramyxoviruses, the coronaviruses demonstrate sev- 
eral unique features in their replicative cycle. A nested set of five or six 
subgenomic mRNAs are elaborated, each of which codes for a single 
protein. There is some evidence which suggests that RNA fusion may 
play a role in coronavirus replication. In some cases an O-linked enve- 
lope glycoprotein is formed which exhibits restricted intracellular 
transport. The cellular secretory apparatus may be used for release of 
virions. While much clearly remains to be learned about the replica- 
tion of coronaviruses, it is already apparent that they utilize many 
novel ways of solving the problems of virus replication. 


B. Adsorption, Penetration, and Uncoating 


Relatively little is known about the earliest stages in coronavirus 
replication. Although the marked host and tissue tropisms of coro- 
naviruses have frequently been ascribed to possible host-cell receptor 
specificities, studies on early virus—cell interactions have been 
limited. 

In studies analogous to those done on myxoviruses, early studies of 
the interaction of coronaviruses with membranes used hemagglutina- 
tion as a model for binding to the cell surface receptor. Several coro- 
naviruses, including HEV (Greig et al., 1962), IBV (Corbo and Cun- 
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Fic. 11. Replication of coronaviruses. The major features of coronavirus replication 
are illustrated in this diagram. Virions bind to the cell membrane by means of the E2- 
containing peplomers. The viral envelope probably fuses with the plasma membrane or 
with a membrane of an endocytic vesicle releasing the nucleocapsid into the cytoplasm. 
The entire replicative cycle occurs in the cytoplasm. The genomic RNA acts as mRNA to 
direct the synthesis of viral RNA-dependent RNA polymerase. This enzyme copies the 
genomic RNA to form full-length, negative-stranded templates. From these templates, 
using the viral RNA polymerase, a series of subgenomic mRNAs are synthesized. These 
mRNAs form a nested set with common 3’ ends. All are capped and polyadenylated. 
Each of the mRNAs apparently codes for a single gene product. The functions of the 
nonstructural gene products NS 14K and NS 35K are not known. RNA7 codes for the 
synthesis of N protein on free ribosomes. The N protein associates with newly formed 
genomic RNA to form the viral nucleocapsid. RNA8 and -6 are translated on membrane- 
bound ribosomes to yield E2 and E1, respectively. The peplomeric glycoprotein E2 is 
cotranslationally glycosylated at asparagine residues and the core oligosaccharides are 
trimmed as the glycoprotein migrates through the Golgi apparatus. The membrane 
glycoprotein, E1, migrates to the Golgi apparatus where oligosaccharides are added to 
the serine residues posttranslationally. Virions are formed by budding in the rough 
endoplasmic reticulum and Golgi apparatus, but not at the plasma membrane. E2 mi- 
grates readily to the plasma membrane, but intracellular transport of E1 is limited to 
the Golgi apparatus. Virions are released from intact cells by fusion of post-Golgi vesi- 
cles with the plasma membrane, possibly using the cellular secretory apparatus. Numer- 
ous virions adsorb to the plasma membrane of infected cells. Coronavirus-induced 
cytopathic effects include cell fusion and rounding of infected cells. 
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ningham, 1959; Bingham et al., 1975), BCV (Sharpee ef al., 1976), 
rabbit enteric coronavirus (LaPierre et al., 1980), HCV-OC38/43 (Kaye 
and Dowdle, 1969), and MHV (Sugiyama and Amano, 1980; Walker 
and Clantor, 1980), can cause hemagglutination (see Section IV,A). 
Mengeling et al. (1972) showed that HEV bound to avian erythrocytes 
by the tips of the viral peplomers. Binding of IBV to erythrocytes was 
studied by Bingham et al. (1975), who found that the binding was 
inhibited by protease and neuraminidase treatment, and enhanced by 
phospholipase C treatment of erythrocytes. 

Shif and Bang (1970) suggested that MHV-2 bound equally well to 
macrophages from mice genetically susceptible or resistant to MHV-2. 
They demonstrated equivalent amounts of infectious virus remaining 
in the supernatant medium over macrophage cultures after virus ad- 
sorption. Binding of MHV-A59 to L2 cells in spinner culture was stud- 
ied by Richter (1976), who found that the cell surface receptor activity 
was removed by protease treatment of the cells. This suggested that 
the receptor was a protein. Attachment occurred at 4°C and more 
rapidly at 37°C. Saturation of virus receptor sites was achieved with 
only about 700 virus particles per cell. Additional studies (Haspel et 
al., 1981) showed that at 4°C MHV-A59 bound to splenic lymphocytes 
from susceptible and resistant mice, but not to thymocytes. The in- 
teraction of MHV-3 with L cells and cells from susceptible and re- 
sistant strains of mice was studied by Krystyniak and Dupuy (1981). 
At 37°C, radioactive virions bound to macrophages, spleen cells, T 
lymphocytes, and thymocytes. The virus bound equally well to mac- 
rophages from genetically susceptible and resistant mice. This sup- 
ports the conclusion of Shif and Bang (1970) that genetic susceptibility 
and resistance are not determined at the level of virus receptors. 

The binding of coronaviruses to cells appeared to be via the peplo- 
meric glycoprotein since antibody to the peplomeric glycoprotein E2 
inhibited virus infectivity (Garwes et al., 1978-1979), and isolated E2 
competed with intact virions for the same cell surface receptor (K. V. 
Holmes, unpublished observation; see Section IV,B). Scanning electron 
microscopic analysis of the binding of HCV-229E to cultures of MRC 
human diploid cells showed that the virions bound randomly to the cell 
surface at 4°C (Patterson and Macnaughton, 1981). Warming the cul- 
tures to 37°C resulted in the loss of virions from the cell periphery, 
apparently by an energy-dependent capping mechanism. 

The penetration and uncoating of enveloped RNA viruses has been 
studied extensively in recent years using biochemical and electron 
microscopic techniques. Semliki Forest virus, influenza virus, and ve- 
sicular stomatitis virus (VSV) virions bind to cell surface receptors and 
are internalized via coated pits (Helenius et al., 1980a; Marsh and Hel- 


MOLECULAR BIOLOGY OF CORONAVIRUSES 63 


enius, 1980; Matlin et al., 1981, 1982). The vesicles containing virions, 
which may be similar to the receptosomes of Willingham and Pastan 
(1980), then appear to fuse with endosomes. At the low pH within the 
endosomes, the viral envelopes fuse with the endosomal membranes 
releasing nucleocapsids into the cytoplasmic sap. Proteclytic cleavage 
of the peplomeric HA glycoprotein is required for fusion of influenza 
virus envelopes (Huang et al., 1981; White e¢ al., 1981). 

Although detailed studies of coronavirus penetration and uncoating 
have not yet been performed, there are some indications that a similar 
pathway of virus uptake may occur. Electron microscopic studies of the 
uptake of MHV and IBV suggested that viral entry was by means of 
viropexis or endocytosis (Tanaka et al., 1962; David-Ferreira and Man- 
aker, 1965; Sabesin, 1971; Patterson and Bingham, 1976). However, 
other investigators suggested that coronaviruses entered the cell by 
fusion with the cell membrane (Doughri et al., 1976). The possibility 
that MHV-3 may enter the cell by fusion with the plasma membrane 
was supported by the observation of Krystyniak and Dupuy (1981) that 
MHV-3 could infect cells treated with cytochalasin B to prevent pha- 
gocytosis. Adsorbed virions rapidly became associated with lysosomes 
(David-Ferreira and Manaker, 1965; Sebesin, 1971). Virus uptake via 
coated pits was also observed (Chasey and Alexander, 1976; Arnheiter 
et al., 1982). Chloroquine, a lysosomotropic drug that elevates the pH 
in lysosomes and prevents penetration of Semliki Forest virus and 
influenza virus through the endosomal membrane (Helenius e¢ al., 
1980b, 1982), was found to inhibit the replication of MHV by affecting a 
stage subsequent to virus adsorption (Mallucci, 1966). 


C. Characterization of Viral mRNAs 


In 1979, in the first report on virus-specific RNAs in coronavirus- 
infected cells, Robb and Bond (1979b) identified multiple size classes of 
virus-specific RNAs in MHV-JHM- and -A59-infected cells by frac- 
tionation of mRNAs on sucrose density gradients. Soon thereafter, 
Siddell e¢ al. (1980) demonstrated that different size classes of poly{A)- 
containing intracellular MHV-JHM RNAs fractionated on sucrose— 
formamide gradients directed the synthesis of different structural pro- 
teins in cell-free translation systems. The N protein was translated 
from the smallest (17 S) fraction, whereas E1 was translated from a 
larger (19 S) class of RNA. 

At almost the same time, Stern and Kennedy (1980a,b) showed, in a 
classic study of IBV RNA, that coronavirus infection resulted in the 
production of a nested set of subgenomic messenger RNAs with com- 
mon 3’ ends. In IBV-infected cells, six virus-specific RNA species were 


Fic. 12. Oligonucleotide fingerprints of the genomic and mRNAs of IBV. RNase T1 oligonucleotide fingerprints of 
the five subgenomic mRNAs of IBV are shown in (A) through (E). (A) represents the smallest mRNA, and (E), the 
largest. The oligonucleotide fingerprint of the genomic RNA is shown on the lower right. Arrowheads indicate the 
oligonucleotides which were not present in the fingerprints of any smaller mRNA species. Asterisks in (A) and (C) 
indicate anomalous spots which were not present in fingerprints of the next larger RNA species. Note that all other 
spots in (A) are present in (B), and those in (B) are present in (C), and so on. This shows that the mRNAs represent 
overlapping sequences with a common 3’ end. (Adapted from Stern and Kennedy, 1980a,b, with permission.) 
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Fic. 13. Diagram of the oligonucleotide fingerprint of the IBV genome. In this dia- 
gram each oligonucleotide in the RNase T1 fingerprint is labeled according to the small- 
est subgenomic mRNA species in which it appears. The unlabeled nucleotides were not 
included in subgenomic RNA E and hence, presumably, represent sequences between 
the 5’ end of the genome and RNA E. (Adapted from Stern and Kennedy, 1980a,b, with 
permission.) 


identified by electrophoresis on agarose—glyoxal gels. All of these 
RNAs were polyadenylated and therefore likely to be of message sense. 
Together, the five subgenomic species greatly exceeded the total size of 
the genomic RNA, suggesting that the subgenomic RNAs shared some 
sequences. Comparison of T1 oligonucleotide digests of these intra- 
cellular RNAs, as shown in Figs. 12 and 13, revealed that they formed 
a “nested” set of sequences. The oligonucleotides of the smallest 
mRNA were contained within the next larger mRNA, and so on. These 
data also showed that the genomic RNA was of the same sense as the 
mRNA since they shared the same oligonucleotides. The possible ori- 
gin of several unique oligonucleotides found in RNAs A and C will be 
discussed later. By ordering the T1 oligonucleotides of the genomic 
RNA through analyses of poly(A)-containing fragments produced by 
limited alkaline hydrolysis (see Section I,D), Stern and Kennedy 
(1980b) showed that all of the subgenomic mRNAs shared common 
sequences extending from the 3’ terminus of the genome. 

A similar structure for the intracellular RNAs of MHV was also 
demonstrated. Spaan et al. (1981) isolated six subgenomic, virus-spe- 
cific RNAs from polysomes of MHV-A59 infected cells, and Wege et al. 
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(1981b) identified six intracellular RNA species in cells infected with 
MHV-JHM. Weiss and Leibowitz (1981) and Cheley et al. (1981a) 
showed, by hybridization with a cDNA probe against the 3’ end of the 
smallest message, that all of the subgenomic RNAs of MHV-A59 con- 
tained sequences common to the 3’ end. T1 oligonucleotide fingerprints 
of subgonomic RNAs of MHV were analyed by Leibowitz e¢ al. (1981), 
Lai et al. (1981), and Spaan et al. (1982). The studies showed that, like 
avian coronaviruses, for the murine coronavirus MHV-A59, the 
oligonucleotides of each of the subgenomic RNAs were included within 
the next larger species, starting from the 3' end of the genome. A 
tentative map of the MHV-A59 genome based on these data is shown 
in Fig. 14. Recently, a similar pattern of overlapping mRNAs has been 
demonstrated by Heilman ef al. (1982, and personal communication) 
for the early and late regions of the DNA-containing bovine papilloma 
virus. 

Using a cDNA probe for the 3’ end of MHV RNA, Cheley et al. 
(1981b) found differences in the elctrophoretic mobility of several sub- 
genomic RNAs of MHV-S in comparison with homologous RNAs of 
MHV-1, -3, -A59, and -JHM. Leibowitz et al. (1981) found that the 
intracellular RNAs appeared to be present in different ratios in cells 
infected with different strains of MHV (Table III). The ratios of 
mRNAs to each other did not change significantly during the course of 
viral infection (Stern and Kennedy, 1980a; Wege et al., 1981b; Spaan et 
al., 1981; Leibowitz et al., 1981). 

Messenger RNA coding assignments for the structural proteins of 
MHV have been established by cell-free translation experiments by 
Siddell et al. (1980, 1981c), Leibowitz and Weiss (1981), and Leibowitz 
et al. (1982b), and from translation experiments in Xenopus laevis 
oocytes by Rottier et al. (1981a) (summarized in Fig. 11, and see Sec- 
tion III,D). The intracellular RNAs of MHV have been designated 1 
through 7, beginning with genomic RNAI, and proceeding to the 
smallest mRNA, 7. Each virus-specific primary translation product 
has been shown to be associated primarily with one mRNA (Fig. 11). 


14K NS+7? 
200K NS 35K NS E2 Et N 


5 3 


Fic. 14. Tentative map of the genomic RNA of MHV. Based on the in vitro translation 
of isolated mRNAs for several MHV strains by Siddell et al. (1980,1981c), Leibowitz et al. 
(1982b), and Rottier et a/. (1981a), and the oligonucleotide mapping of Lai et al. (1981), 
we have drawn a tentative map of the MHV genome. Although additional details will 
become available, it seems clear that the genes which have been identified to date are 
arranged in this order. 
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THe Sizz AND RELATIVE MoLaR AMOUNTS OF MHV-Speciric RNA2 
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Relative molar amounts? 


RNA Molecular 

species weight A59 JHM 
Virion RNA 6.1 x 106 = = 
RNAL 6.1 x 106 3.33 (1.48—4.20) 1.50 (0.66—2.26) 
RNA2 3.4 x 106 2.00 (1.31-2.81) 2.92 (2.63-3.24) 
RNA3 2.6 x 106 3.24 (2.83-5.16) 5.23 (3.32-6.92) 
RNA4 1.2 x 106 3.09 (1.00-—4.52) 1.69 (1.14-2,21) 
RNAS 1.08 x 106 11.0 (7.70—22.5) 0.86 (0.23-1.80) 
RNA6 8.4 x 10° 32.6 (26.5-38.1) 31.5 (24.7-46.3) 
RNA7 6.3 x 105 100 100 


@ From Leibowitz et al. (1981). 
6 The data presented are the mean of five determinations of preparations labeled from 
4 to 8 hours postinfection. The range of values observed is in parentheses. 


Comparison of each RNA with the size of its translation products sug- 
gested that only the gene proximal to the 5’ end of each mRNA was 
translated. As shown in Fig. 15 from the study by Rottier et al. (1981a), 
the product of RNA7 was protein N (see Section III,C,1), that of RNA6 
was E1, and of RNA3, E2. The coding assignments for several non- 
structural proteins were deduced by Siddell et al. (1980, 1981c), 
Leibowitz and Weiss (1981), and Leibowitzet al. (1982b). RNA2 directed 
the synthesis of a 30—-35K nonstructural (NS) protein; RNA4 or -5, a 
14K NS protein; and RNA1, several related NS proteins which were 
>200K. These data have been incorporated into the tentative map for 
the genomic RNA of MHV-A59 shown in Fig. 14. 

Thus, the current dogma of coronavirus replication is that each 
mRNA directs the synthesis of a single protein using only the gene at 
the 5’ end of the RNA. However, some caution must be exercised in 
accepting this as proven. In all of the in vitro translation studies, 
RNAG has been shown to direct the synthesis of E1, plus a fairly large 
amount of N (Siddell, 1980, 1981c; Rottier et al., 1981a; Leibowitz and 
Weiss, 1981; Leibowitz et al., 1981; Fig. 15). This has been ascribed to 
contamination of RNA6 with RNA7 and a higher efficiency of transla- 
tion of RNA7. It is possible that RNA6 alone might direct the synthesis 
of several gene products, both E1 and N. In Semliki Forest virus, an 
enveloped, positive-stranded RNA containing alphavirus, a large poly- 
cistronic mRNA is translated to yield both glycosylated envelope 
glycoprotein and nonglycosylated capsid protein (Schlesinger and Ka- 
ariainen, 1980). 
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Fic. 15. In vitro translation of subgenomic mRNAs of MHV-A59. Isolated subgenomic 
mRNA 3, -6, and -7 from cells infected with MHV-A59 were translated in the frog oocyte 
system. Translation preducts were analyzed by PAGE directly or following radioim- 
munoprecipitation. Virion polypeptides are shown on the left, and immunoprecipitates 
of viral structural proteins from extracts of infected cells are shown on the right. (Re- 
produced from Rottier e¢ al., 1981a, with permission.) 


The translation of RNA4 and -5 of MHV has been difficult to study 
because these RNA species are present in such small amounts. So far 
only the 14K NS protein has been identified as a product for these two 
mRNAs. fn vitro translation studies using microsomal membrane frac- 
tions have not yet been done with coronavirus mRNAs. Such studies 
would permit the analysis of glycosylation, acylation, and processing of 
the glycoproteins. 


D. Kinetics of Intracellular Synthesis, Processing, and Transport 
of Viral Proteins 


Initial studies of intracellular virus-specific proteins (Bond et al., 
1979; Anderson et al., 1979) identified the three major structural pro- 
teins, E1, E2, and N, and several nonstructural proteins. No high- 
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molecular-weight polyproteins were detected in infected cell . Concur- 
rent studies of the structural proteins of the virion and analyses of the 
mRNAs and their translation products set limits on the probable num- 
ber of virus-specific polypeptides, and established that the structural 
proteins were not derived from a large polyprotein precursor. The in- 
tracellular proteins of MHV and IBV were identified in many laborato- 
ries at almost the same time. Much of this information was presented 
at the 1980 Coronavirus Symposium (ter Meulen e¢ al., 1981) and was 
summarized in the review by Siddell et ad. (1982). The intracellular 
proteins identified included N, E1, and E2, and three nonstructural 
species: 30-35K and 14K nonglycosylated polypeptides, and a 65K 
glycoprotein. The 30—35K species has not been detected in virions. 
However, minor proteins of approximately 14K and 65K have been 
found in some coronaviruses (Wege ez al., 1979; Siddell et al., 1981a; 
Lai and Stohlman, 1981; Rottier et a/., 1981b, Stern ef al., 1982), 
though not in others (e.g., Sturman, 1977; Macnaughton, 1981; Rottier 
et al., 1981b; Lomniczi and Morser, 1981; Niemann and Klenk, 1981a; 
Bond et al., 1981; see Siddell et al., 1982, for further references). The 
significance of these findings is not known. The 65K species has not yet 
been associated with a virus-specific mRNA. 

Much of our understanding about the synthesis and processing of 
coronavirus proteins in vivo has been obtained from pulse-labeling and 
pulse-chase experiments with MHV. Several different virus—cell sys- 
tems have been studied ranging from highly lytic ones involving L, 
DBT, and Sac(—) cells, in which virus infection induced syncytia for- 
mation and destroyed the cells within 10-12 hours (Anderson et al., 
1979; Cheley et al., 1981b; Siddell et al., 1980; Spaan et al., 1981), toa 
more moderate infection in 17 Cl 1 cells, in which the infected cells 
could survive for more than 24 hours without significant cytopathic 
effects (CPE) (Robb and Bond, 1979b; Sturman ef al., 1980; Holmes et 
al., 1981b). Not surprisingly, differences were detected in the rates of 
shutdown of cellular protein synthesis in these different systems. 
Other differences between lytic and moderate coronavirus-cell interac- 
tions were also noted. Synthesis of MHV proteins in lytic infections 
appeared to be coordinated throughout the replication cycle (Siddell et 
al., 1981b; Rottier et al., 1981b), whereas in cells showing minimal 
CPE, the synthesis of N was detected much earlier than that of E1 and 
E2 (J. Behnke, personal communication). Pulse-labeling experiments 
at different times after infection and at different temperatures re- 
vealed that the synthesis of E1 and E2 in these cells was coordinated, 
but different from the synthesis of N. 

The transit time for the synthesis of the viral glycoproteins, their 
incorporation into virions, and release of the virions from the infected 
cells also differed in moderate and lytic infections. In moderate infec- 
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Fic. 16. Synthesis and processing of MHV structural polypeptides (cont, control; inf, 
infected). At 6 hours after infection with MHV-A59, cells were pulse labeled for 15 
minutes with [3H]-leucine and then incubated with excess cold leucine. There were no 
polyproteins observed. E2 is synthesized as the high-molecular-weight form, and no 90K 
E2 was observed in these cells. The N protein was synthesized in large amounts and 
appeared to be processed into two faster migrating species. The E1 was synthesized as a 
nonglycosylated species which was posttranslationally glycosylated. Both the glycopro- 
teins were chased out of the cell into mature virions within 2—3 hours after labeling. 
Only a small fraction of the N protein was chased into mature virions. (Adapted from 
Holmes et al., 1981b, with permission.) 


tion, E1 and E2 were quantitatively chased out of cells and into virions 
within about 2 hours (Holmes ef al., 1981b; Fig. 16). However, in lytic 
infection of Sac(—) cells, E1 chased into virions within 2—2.5 hours 
after labeling, while much of the E2 remained cell associated for up to 
3 hours (Siddell e¢ al., 1981b). Another difference between lytic and 
moderate infections related to the appearance of E1 and E2 on the 
surface of infected cells. Both E1 and E2 antigens of MHV-JHM were 
detected on the surface of lytically infected L cells prior to the release 
of progeny virions (Collins et a/., 1982). In contrast, E2 was the pre- 
dominant viral glycoprotein on the surface of 17 Cl 1 cells during the 
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early stages of a moderate infection with MHV-A59 (Doller and 
Holmes, 1980; Section IfI,D,2). To date, cleavage of the E2 glycoprotein 
has been detected only in lytically infected cells. Indeed, cleavage of E2 
may be responsible for the extensive cell fusion seen in lytically in- 
fected cultures (L. S. Sturman and K. V. Holmes, unpublished observa- 
tion). These host-dependent differences may reflect differences in 
host-dependent processes required for maturation of coronaviruses. The 
features of the synthesis, processing, and transport of coronavirus struc- 
tural proteins which are consistent in all cell systems are described in 
the following paragraphs. 


1N 


Although the time of appearance of labeled N paralleled the time of 
appearance of the labeled glycoproteins in virions, no significant de- 
crease in the amount of N in the infected cell was detected during a 90- 
to 120-minute chase period (Anderson et al., 1979; Bond et al., 1981; 
Holmes et al., 1981b; Rottier et al., 1981b; Siddell et al., 1981b). This 
suggested that there was a large intracellular pool of N, most of which 
did not chase into virions, but was incorporated into nucleocapsids or 
replicative intermediates which never left the cell. Recently, it was 
shown that N was synthesized on free ribosomes (Niemann et al., 
1982). Intracellular N was phosphorylated at serine residues, as was N 
in the virion (Siddell et al., 1981a,b). During a 2-hour chase, an intra- 
cellular form of N with slightly greater electrophoretic mobility was 
detected within infected L cells (Anderson et al., 1979). This process 
was believed to be due to proteolytic processing of N (Cheley and An- 
derson, 1981). The proportion of the smaller species increased follow- 
ing immunoprecipitation (Siddell et al., 1980; Rottier et al., 1981a), 
which led to the suggestion that these additional species represented 
molecules of N partially degraded by serum or cellular proteases. In 
pulse-labeling studies, these forms of N have been detected in cells 
without immunoprecipitation late in the infectious cycle of MHV-A59 
(J. N. Behnke and K. V. Holmes, unpublished observations). Analysis 
of peptide maps of these different forms of N will be required to deter- 
mine their relationships. 


2. El 


E1 appeared to be synthesized as a nonglycosylated 20K apoprotein 
which was posttranslationally glycosylated (Holmes e¢ al., 1981b; 
Niemann and Klenk, 1981a; Rottier et al., 1981b; Siddell e¢ al., 1981c). 
The addition of sugars to this O-linked glycoprotein began 15 to 30 
minutes after completion of the apoprotein, and continued for 1-2 
hours (Holmes e¢ al., 1981b; Rottier et al., 1981b) with production of 
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two or three discrete glycosylated species. However, not all of the E1 
which entered the virion was glycosylated (Rottier et al., 1981b). The 
oligosaccharide side chains of the E1 glycoprotein are shown in Fig. 9. 
Niemann e¢ al. (submitted for publication) have estimated that there 
are three oligosaccharide chains per E1 molecule. Glycosylation of E1 
is resistant to tunicamycin (Holmes et al., 1981a,b; Niemann and 
Klenk, 1981a; Rottier et al., 1981b; Siddell et al., 1981c). Recent cell 
fractionation studies (Niemann et al., 1982; M. Frana, unpublished 
observation) showed that E1 was translated on membrane-bound poly- 
somes. Monensin inhibited glycosylation of E1 (Niemann et al., 1982). 

The intracellular transport of the E1 glycoprotein is markedly differ- 
ent from that of other viral glycoproteins. Immunofluorescent staining 
with monospecific anti-E1 antibody showed that early in the infectious 
cycle El was restricted to the perinuclear area of infected cells and 
accumulated in the Golgi apparatus (Doller et al., 1982; Fig. 17). In 
contrast, E2 rapidly dispersed throughout the cell membranes and 
appeared on the plasma membrane. The mechanisms and signals for 
intracellular transport of E1 are not yet understood. Possibly E1 is 
transported by cellular mechanisms which transport cellular glycopro- 
teins destined for the Golgi apparatus. Since E1 is a transmembrane 
protein and has been shown to interact with viral nucleocapsid in vitro, 
it appears likely that the localization of E1 on the rough endoplasmic 
reticulum and Golgi membranes determines the site of virus budding. 


3. H2 


E2, the peplomeric glycoprotein, was recently shown to be synthe- 
sized on membrane-bound ribosomes (Niemann et ail., 1982). Pulse- 
labeling studies showed that a large, 150—180K glycoprotein was the 
first form detected in infected cells (Holmes et al., 1981a; Rottier et al., 
1981b; Siddell e¢ al., 1981c). As noted below, there is considerable 
controversy over the relationship between the 180 and 90K forms of 
E2. This controversy may relate to differences in processing of E2 in 
different cell types. A 110—120K apoprotein was detected in MHV-A59 
infected Sac(—) and 17 Cl 1 cells treated with tunicamycin (Siddell et 
al., 1981c; Rottier et al., 1981b; Niemann and Klenk, 1981a). This is 
similar to the in vitro translation product of RNA3 in L-cell or re- 
ticulocyte lysates in which glycosylation does not occur (Rottier et al., 
1981a; Siddell et al., 1980, 1981c), and probably represents the protein 
moiety of the E2 glycoprotein. Translation of mRNA3 in Xenopus laevis 
oocytes permitted glycosylation and yielded a 150K E2 glycoprotein 
(Rottier et al., 1981a; Fig. 15). Pulse-labeling experiments with MHV- 
A59 and -JHM in Sac(—) cells showed that the first form of E2 detected 
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Fic. 17. Localization of El in the Golgi apparatus. (A) Monospecific anti-E1 anti- 
serum was used to stain El antigens within the cytoplasm of infected cells. The El 
accumulated in a sharply demarcated region near the nucleus and did not migrate to the 
plasma membrane as readily as did E2. (B) The same cells were labeled by the thiamine 
pyrophosphatase histochemical reaction which labels the terminal saccules of the Golgi 
apparatus. This demonstrates that the El accumulates in the Golgi apparatus. x 960. 
(From E, W. Doller.} 


in these cells was a 150K species (Siddell et al., 1981b,c; Rottier et al., 
1981b). Similar experiments using MHV-3 and -A59 in L and 17 Cl 1 
cells, respectively, demonstrated a 180K, rather than a 150K, product 
(Cheley and Anderson, 1981; Holmes et al., 1981b). The difference 
between the 180 and 150K moieties has not been identified, but could 
relate to additional glycosylation, trimming, or sulfation of E2. 

The appearance of the 90K species of E2 is different in different cell 
types. Although in moderate infection of MHV-A59 in 17 Cl 1 cells, 
little or no 90K E2 was detected at 8—10 hours after infection (Holmes 
et al., 1981b; Fig. 16), in Sac (—) cells infected with MHV-JHM or -A59, 
a substantial amount of 90K E2 was detected after 60- to 90-minute 
chase (Siddell et al., 1981c; Rottier et al., 1981b). Siddell et al. (1981c) 
have suggested that the 150K precursor to E2 may be cleaved to a 90K 
protein which dimerizes to form the 180K E2. Based on our studies 
with MHV-A59, we believe that two different 90K forms of E2 result 
from proteolytic cleavage of the 180K E2 which occurs as a late step in 
the intracellular transport or processing of E2 and the maturation of 
the virions. Recently, Stern and Sefton (1982b) showed by tryptic pep- 
tide mapping that the two large virion glycoproteins of IBV, gp90, and 
gp84, were produced by cleavage of a 155K glycoprotein precursor 
(gp155). Although the cellular location at which the E2 glycoprotein 
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undergoes acylation has not been identified, acylation of the VSV 
glycoprotein has been shown to occur near the Golgi complex (Schmidt, 
1982b). 

The intracellular transport of E2 appears to be similar to that of N- 
linked glycoproteins of other viruses such as orthomyxo-, paramyxo-, 
rhabdo-, and alphaviruses. Immunofluorescent staining of E2 with 
monospecific antiserum stained the cytoplasm diffusely, E2 appeared 
on the plasma membrane at a time when intracellular transport of E1 
was directed to the Golgi apparatus (Holmes et al., 1981b; Doller et al., 
1983). Treatment of MHV-infected cells with tunicamycin resulted in a 
marked inhibition in the synthesis of E2 (Holmes ef al., 1981b), al- 
though late in infection some nonglycosylated E2 could be detected 
(Niemann and Klenk, 1981a). Virions isolated from tunicamycin- 
treated cells contained no E2 (Sturman, 1981) and no peplomers 
(Holmes e¢ al., 1981a,b). This suggested that E2 was not required for 
virus budding or for the release of virions from infected cells. 


E. Transcription of Viral RNA 


Dennis and Brian (1981, 1982) and B. W. J. Mahy et al. (1983) first 
detected RNA-dependent RNA polymerase activity in cells infected 
with TGEV and MHV. This activity was insensitive to antinomycin D 
and was associated with cytoplasmic membrane fractions like that of 
alphaviruses. Brayton e¢ al. (1982) and Lai et al. (1982b) have charac- 
terized the viral RNA polymerase activity in MHV-A59-infected cells. 
By pretreatment of cells with actinomycin D for 1 hour before infection 
and synchronization of infection by adsorbing virus at 0—4°C, Brayton 
et al. (1982) detected virus-specific RNA synthesis in MHV-A59-in- 
fected cells as early as 1 hour after infection. Two peaks of virus- 
specific RNA synthesis were demonstrated, one early (2 hours) and the 
other late (6 hours) after infection (Fig. 18). Corresponding to these, 
two different virus-specific RNA polymerase activities were detected, 
early and late in infection. These two polymerases were distinguished 
by different responses to potassium and different pH optima. The RNA 
product of the early polymerase was of negative-strand polarity, com- 
plementary to the genomic RNA, whereas the products of the late 
polymerase activity were predominantly of positive polarity (P. R. 
Brayton, personal communication). Only a single virus-specific, nega- 
tive-stranded RNA species was detected. This was the size of the com- 
plete viral genome. A double-stranded RNA form was isolated which 
contained RNA of genomic size. When this double-stranded RNA was 
isolated without RNase treatment and heated, subgenomic mRNAs 
were released. This suggested that the virus-specific mRNAs were 
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Fic. 18. RNA-dependent RNA polymerase activities in MHV-infected cells. Incorpo- 
ration of radiolabel into virus-specific RNA in cells infected with MHV-A59 occurs in 
two peaks which show different ionic requirements. The early peak is believed to repre- 
sent synthesis of full-length, negative-stranded RNA templates, and the later peak is 
believed to represent synthesis of mRNAs and genomic RNA. (Reproduced from Brayton 
et al., 1982, with permission.) 


transcribed from a negative-strand RNA template of genomic size (Lai 
et al., 1982b). 

The mechanism which regulates the frequency of transcription of 
each mRNA species from the negative-stranded RNA template re- 
mains to be elucidated. The relative rates of synthesis of the mRNAs 
appear to be constant throughout infection (Stern and Kennedy, 
1980a; Wege et al., 1981b; Spaan et al., 1981; Leibowitz e¢ al., 1981). 
The smaller mRNAs (numbers 7 and 6), which represent the 3’ end of 
the genome, are far more abundant than the sum of all the others 
(Jacobs e# al., 1981; Lai et al., 1981; Leibowitz et al., 1981; Table HI). In 
different virus strains, the relative abundance of the different viral 
mRNA species varies considerably. Leibowitz et al. (1981) have shown 
(Table III) that the relative molar amount of RNA5 synthesized in 
MHV-JHM-infected cells is about one tenth of that found in cells in- 
fected with MHV-A59. 

A central question in the molecular biology of coronaviruses is how 
the subgenomic mRNAs and genomic RNA are transcribed from the 
negative-strand template. Ultraviolet transcription mapping was done 
to identify the size of the template(s) for the synthesis of the mRNAs. 
Jacobs et al., (1981; Table IV) and Stern and Sefton (1982a) found that 
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TABLE IV 


CoMPARISON OF THE MOLECULAR WEIGHTS OF THE MHV-A59 INTRACELLULAR RNAs 
AND THE UV TARGET SIZES OF THEIR RESPECTIVE TEMPLATES? 


Target size of 


template RNA size 
Experiment RNA KxTS~—16 (MW, x106)-¢ (MW, x106)¢4 

1 1 3.57 X 10-2 5.6 5.6 
2 2.52 x 10-2 3.9 4.0 
3 1.94 x 10-2 3.0 3.0 

4+5 0.90 x 10-2 1.4 1.2-1.4 
2 4 1.44 x 10-2 1.4 1.4 
5 1.28 x 10-2 1.2 1.2 
6 1.00 x 10-2 0.97 0.9 
7 0.77 x 10-2 0.75 0.6 


a From Jacobs e¢ al. (1981). 

’ K x T was calculated from the relationship in (N,No) = K x T x t, where N, 
represents the incorporation of [?>H]uridine into RNA after t seconds of UV irradiation, 
No is the RNA synthesis in the unirradiated culture, T is the target size, and K is a 
constant. The calculation was made from the data points by using linear regression 
analysis. The value of K was calculated as 6.38 x 10-9S~—! by substituting a value of 5.6 
x 106 for the target size of RNA1 (experiment 1), or as 10.3 x 10-9 by inserting a value 
of 1.4 x 106 for RNA4 (experiment 2). 

¢ By using the two values for K described in footnote 6, the target sizes for the other 
RNAs were calculated. 

¢ The molecular weights of the denatured, virus-specific RNAs were determined by 
agarose gel electrophoresis. 


the UV target sizes of the templates for the mRNAs of MHV-A59 and 
IBV were the same as the sizes of the respective mRNAs. Since the UV 
mapping studies were done at 5.5 and 6.0 hours postinfection, when 
synthesis of the negatively stranded template may have been com- 
pleted, it appears likely that only the synthesis of the mRNA species 
was being inactivated by UV. 

Comparison of the oligonucleotide fingerprints of subgenomic 
mRNAs and virion RNA of MHV suggested that some RNA splicing 
mechanism or other modification of the RNA may take place during 
mRNA synthesis. Stern and Kennedy (1980a,b) found several T1 
oligonucleotides in mRNA species which were not present in larger 
mRNAs. Lai et al. (1981), Leibowitz et al. (1981), and Spaan et al. 
(1982) also identified several T1 oligonucleotides in subgenomic 
mRNAs which were not present in the viral genome of MHV, or were 
not found in the same region in the genome. Preliminary evidence 
indicated that some of these oligonucleotides from several subgenomic 
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RNAs had similar sequences (Lai et al., 1981). It has been suggested 
that these may represent junction sequences from the splicing of two 
unlinked stretches of RNA (Lai et al., 1981). Since coronaviruses can 
replicate in enucleated cells (Wilhelmsen et al., 1981; Brayton et al., 
1981), it appears unlikely that this splicing is done by cellular mecha- 
nisms located in the cell nucleus. 

Lai et al. (1982a) found that the nucleotides adjacent to the cap 
structures of each of the subgenomic mRNAs contained the same se- 
quence, 5’-CAP-N-UAAG. It is not known how many additional nu- 
cleotides are shared at the 5’ end of these mRNAs. It is not clear how 
the cap with its adjacent nucleotide sequences is added to each mRNA. 
One possibility would involve RNA splicing. A leader sequence which 
originates by splicing from large precursor molecules would appear to 
be contraindicated by the results of UV transcriptional mapping. How- 
ever, a leader sequence with or without an attached cap may be de- 
rived from a small RNA of viral or cellular origin. Since viral RNA 
synthesis was not inhibited by antinomycin D, this leader RNA may be 
virus specific or perhaps derived from a stable, small, cellular RNA. 
The sequence -UAAG which was found adjacent to the cap structure at 
the 5’ end of viral subgenomic mRNAs and genomic RNA (Lai et al., 
1982a) is also present in some small host coded cytoplasmic RNAs, 
including 5s ribosomal RNA (Delihas and Andersen, 1982) and 7s 
RNA (Busch et al., 1982), and U2 and U3 small nuclear RNAs (Busch 
et al., 1982). Furthermore, the same order is contained in the consen- 
sus sequence at the 5’ exon—intron boundary of many splice junctions 
(Lerner et al., 1980). The complementary sequence which is present in 
U1 SnRNA is thought to assist in the proper orientation of exons for 
splicing of RNA. Several models have been postulated for the utiliza- 
tion of a leader sequence in coronavirus transcription (Lai et al., 
1982a; Spaan et al., 1982). 


1. Such a leader could act as a primer for the initiation of RNA 
transcription along the full-length, negative-strand template. 

2. Alternatively, a leader sequence could be fused onto the 5’ end of 
newly synthesized viral transcripts. This sequence could come from 
viral or cellular RNA. 

3. An RNA polymerase jumping mechanism could explain the com- 
mon nucleotide sequences at the 5’ end of each viral mRNA and gen- 
omic RNA. Thus, a short segment of the 5’ region would be transcribed 
from the 8’ end of the negative-strand template, and then the poly- 
merase would translocate through intervening sequences on the nega- 
tive-strand template and resume transcription at the beginning of a 
particular cistron. 
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The UV transcription data do not contradict any of these models, 
since the leader sequence may be too small a target to have been 
detected. 


F. Virion Assembly, Release, and Cytopathic Effects 


Some of the early studies on coronavirus replication emphasized 
ultrastructural changes in infected cells (Svoboda et al., 1962; Tanaka 
et al., 1962; David-Ferreira and Manaker, 1965; Hamre et al., 1967; 
Becker et al., 1967). All of these studies showed that the entire repltica- 
tive cycle of coronaviruses occurred in the cytoplasm. Indeed, MHV has 
been shown to replicate in enucleated cells (Brayton et al., 1981; 
Wilhelmsen ef al., 1981), although replication of IBV in enucleated 
BHK-21 cells was significantly reduced (Evans and Simpson, 1980). 
Ultrastructural studies on the binding and penetration of coronavi- 
ruses have been described (Section III,B.). The early morphological 
events associated with coronavirus infection were rather nonspecific 
ones, such as increase in cytoplasmic membranes or in the size of 
polysomes (David-Ferreira and Manaker, 1965; Sebesin, 1971). To- 
ward the end of the viral Jatent period, about 6—7 hours postinfection, 
spherical virions approximately 60-100 nm in diameter were observed 
in the lumens of the rough endoplasmic reticulum, Golgi apparatus, 
and smooth-walled vesicles (David-Ferreira and Manaker, 1965; Mas- 
salski et al., 1981; Ducatelle et al., 1981; Dubois-Dalcq et al., 1982; Fig. 
19a—c). In most instances these virions had electron-lucent centers 
with electron-dense granular or tubular nucleocapsids associated with 
the inner surface of the viral envelope. Tubular nucleocapsids were 
also observed under the membranes of the rough endoplasmic re- 
ticulum or Golgi apparatus (Oshiro, 1973; Holmes et al., 1981a; Mas- 
salski et al., 1981, 1982; Dubois-Dalcq et al., 1982; Fig. 19B and C). 
Chasey and Alexander (1976) showed that the envelopes of budding 
virions were covered with peplomers. During the early stages of viral 


Fic. 19. Formation of coronavirus virions and inclusions. (A) At 9 hours after infec- 
tion with MHV-A59, numerous virions (arrowheads) are observed in vesicles associated 
with the Golgi apparatus. x48,000. (From K. V. Holmes.) (B and C) Virions of MHV- 
JHM are observed budding into smooth-walled intracytoplasmic vesicles. The ar- 
rowheads indicate helical nucleocapsids within virions and aligned under regions of the 
vesicle membrane which contain viral peplomers (arrow). (B) «180,500; (C) x85,500. (D 
and E) Masses of helical nucleocapsids form large intracytoplasmic inclusions in cells 
infected for several days with MHV-JHM (D) and the ¢s8 mutant of this virus(E). The 
strands of the MHV-JHM nucleocapsid appear to be forming supercoiled structures 
(arrowhead). (D) ~ 68,200; (E) x51,000. (B—D are reproduced from Dubois Daleg e¢ al., 
1982, with permission.) 
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infection, virions appeared singly or in small clusters, whereas later in 
infection, scores of virions were found within large vesicles and occa- 
sionally within the lumen of the nuclear membrane (Fig. 20). Budding 
of virions from the plasma membrane was almost never visualized. An 
exception was a single particle visulaized several days after virus in- 
fection of a neural cell culture (Dubois-Dalcg et al., 1982). Although 
Sugiyama and Amano (1981) reported that the virions were budding 
from the plasma membrane, the scanning electron microscopic (SEM) 
images were not of sufficient resolution to demonstrate budding. In 
some studies, although numerous intraluminal virions were observed, 
no budding virions were detected. Detection of budding images appar- 
ently depended on the viral strain, the host cell type, and the time after 
virus inoculation (Watanabe, 1969). Budding virions were most likely 
to be detected late in the infectious cycle. This suggests that these 
images represent arrested buds, and that during the early stages of 
infection coronavirus budding may be a very rapid process. 

Several investigators have suggested that coronaviruses were re- 
leased by lysis of the infected cells (Hamre et al., 1967; Oshiro et al., 
1971; Takeuchi e¢ al., 1976; Chasey and Alexander, 1976). Release by 
fusion of virus-filled, smooth-walled vesicles with the plasma mem- 
brane has also been observed (Doughri et al., 1976). When the kinetics 
of release of infectious virus was correlated with cell lysis by micro- 
cinematography, however, it was apparent that the infectious virions 
were released from intact cells (K. V. Holmes, unpublished observa- 
tions). Indeed, it appears that release of virus depends upon the good 
condition of the host cells. The generally accepted mechanism of coro- 
navirus release from infected cells is via fusion of virus-filled vesicles 
with the plasma membrane (Doughri ef al., 1976). Thus, the coro- 
naviruses may be released from cells by utilizing a cellular transport 
mechanism developed for secretion or exocytosis of the contents of 
secretory vesicles. In vivo, the target cells for replication of many coro- 
naviruses are epithelial cells with tight junctions in the respiratory or 
gastrointestinal tract. In polarized cells such as these, influenza virus 
and VSV have been shown to bud specifically from the apical or basilar 
plasma membranes (Rodriguez-Boulan and Sabatini, 1978). There is 
as yet little evidence to show whether the fusion with the plasma 
membrane of vesicles filled with coronaviruses exhibits specificity for 
basal or apical membranes. Secretory cells do demonstrate strong po- 
larity in the direction of secretion of cellular secretory products such as 
enzymes from pancreatic acinar cells. It is possible that some polarity 
of coronavirus release may be identified. To date, in the only study 
which addresses this point, Doughri and Storz (1977) observed that 
porcine coronavirus could be seen on both apical and basal cell surfaces 
of intestinal epithelial cells. 
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Fic. 20. Coronavirus virions in the rough endoplasmic reticulum and nuclear enve- 
lope. Late in the infectious cycle, numerous spherical virions accumulate within the 
rough endoplasmic reticulum and the nuclear envelope (N) (arrows). x36,000. (From J. 
N. Behnke.) 


Late in the infectious cycle, it was common to find very large num- 
bers of virions adsorbed to the surface of infected cells (Oshiro et al., 
1971; Oshiro, 1973; Doughri and Storz, 1977). Scanning electron mi- 
croscopy showed these most effectively (Sugiyama and Amano, 1981). 
It is not clear what function, if any, may be served by this adsorption to 
infected cells. Most of the virions appeared to remain on the surface 
without being internalized, although some were found in lysosomes 
(Sabesin, 1971). 

Characteristic features of coronavirus infection were vacuolization 
of cells and virus-induced cell fusion (Oshiro, 1973; McIntosh, 1974). 
The time of appearance of these depended on the virus and the host cell 
type. It is noteworthy that large intracytoplasmic inclusions of nu- 
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Fic. 21. Unusual features of the replication of MHV. (A) Occasionally in cells infected 
with MHV-A8S9, reticular (R) inclusions consisting of closely opposed lamellae of endo- 
plasmic reticulum have been observed. X57,000. (B) Late in infection with MHV-A59, 
vesicles containing fine filaments (F) are sometimes observed. x 100,000. (C) Late in 
infection with MHV-A59 and in infected cells treated with tunicamycin, long tubular 
structures (arrows) about 50 nm in diameter are occasionally observed in the lumen of 
the rough endoplasmic reticulum. Nucleocapsid inclusions (NC) and a vesicle containing 
filaments (F) ar also shown. Virions are indicated by arrowheads. 46,000. (From K. V. 
Holmes.) 
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cleocapsids were not observed in most early studies of coronavirus- 
infected cells. Caul and Egglestone (1977) did observe such inclusions 
in cells infected with HECV, and others have seen them also (Watan- 
abe, 1969). Massalski et al. (1982) suggested that nucleocapsid inclu- 
sions accumulate after the cessation of virus budding. Dubois-Dalcq et 
al. (1982) showed that several types of inclusions that could be pro- 
duced by the intracytoplasmic nucleocapsids of different strains of 
MHV in differentiated cultures of central nervous system (CNS) cells 
(Fig. 19D and E). They also found an increase in “myelin figures” in 
the cytoplasm of MHV-infected cells. 

Additional features of coronavirus CPE included several types of 
intracytoplasmic inclusions whose origins and functions remain un- 
clear. David-Ferreira and Manaker (1965) found “reticular inclusions” 
in MHV-infected cells. These consisted of masses of interconnected 
tubules of smooth membranes in continuity with the rough endo- 
plasmic reticulum (Fig. 21A). They have only occasionally been ob- 
served with other coronaviruses. A second type of inclusion was ob- 
served near the reticular inclusions. This consisted of vacuoles about 
200 nm in diameter containing flexible coiled filaments about 30 nm in 
diameter. These filamentous structures were surrounded by a double 
membrane (Fig. 21B; David-Ferreira and Manaker, 1965; Takeuchi et 
al., 1976). Third, “tubular inclusions” consisting of interconnected tu- 
bules 16 to 25 nm in diameter were observed near the reticular inclu- 
sions (David-Ferriera and Manaker, 1965; Watanabe, 1969). Inclu- 
sions consisting of interconnected virions within the lumen of smooth- 
walled vesicles have also been observed (Oshiro e¢ al., 1971). Within 
the lumen of the rough endoplasmic reticulum and smooth-walled vesi- 
cles, long, rigid, cylindrical structures about 50 nm in diameter have 
occasionally been detected (Fig. 21C; Dubois-Dalcq et al., 1982). These 
may represent an excess of the E1 glycoprotein since they occur fre- 
quently in tunicamycin-treated infected cells, where synthesis of E2 is 
greatly reduced (Holmes et al., 1981a). It is evident from the preceding 
descriptions that coronaviruses produce a wide variety of effects in 
different cell types. Further studies are needed to determine the com- 
position of these different virus-associated structures. 


G. Viral Mutants 


In other virus systems, conditional lethal mutants have been impor- 
tant in elucidating many steps in virus replication. With coronavi- 
ruses, this effort is still at an early stage. Although many variants 
have been isolated from natural infections, there are few well-charac- 
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terized, chemically induced mutants of coronaviruses. Recently, sever- 
al groups have obtained and partially characterized temperature-sen- 
sitive (ts) mutants of MHV. Almost all of the MHV mutants have been 
selected for failure to induce syncytium formation. Unfortunately, 
most of these mutants grow rather poorly, even under permissive con- 
ditions. There are few, if any, chemically induced mutants of other 
coronaviruses. Clearly, other phenotypes and additional mutants are 
needed. 

The first collections of chemically induced mutants of MHV-JHM 
were made by Haspel et al. (1978) with 5-azacytidine or 5-fluorouracil, 
and by Robb ez al. (1979) using N-methyl-N’-nitrosoguanidine and 5- 
fluorouracil. Temperature-sensitive mutants were selected for failure 
to induce fusion of susceptible cells at the nonpermissive temperature 
(39.5° or 38.5°C). The majority of the 34 mutants identified by Robb et 
al. were found to be RNA negative. Only three were RNA positive and 
exhibited synthesis of viral proteins. Some of these mutants produced 
altered neuropathogenesis in mice. Leibowitz et al. (1982a) performed 
complementation analysis of 37 ts mutants of MHV-JHM and identi- 
fied seven complementation groups. Six of these affected virus-specific 
RNA synthesis. The gene product affected by each mutation has not 
yet been identified. Several of the mutants described by Haspel and his 
co-workers, including the ¢ts8 mutant, are of particular interest be- 
cause they induce demyelination with a much higher frequency than 
the wild type (Haspel e¢ al., 1978; Knobler et al., 1981c, 1982), and 
because they may form aberrant inclusions in CNS cells in vitro (Du- 
bois-Dalcq et al., 1982). Wege et al. (1981c, 1983) also isolated tempera- 
ture-sensitive mutants of MHV-JHM with 5-fluorouracil and found 
that these mutants caused higher rates of subacute and chronic neu- 
rological diseases than did wild type virus in suckling and weanling 
rats. 

Twenty chemically induced (with 5-fluorouracil), temperature-sensi- 
tive mutants of MHV-A59 have been partially characterized by Koolen 
et al. (1981, 1983). Most of these mutants, selected for their inability to 
induce syncytium formation at 40°C, were RNA negative also. Several 
of the mutants exhibited altered neuropathogenic properties. A variety 
of coronavirus mutants have been isolated from persistently infected 
cultures of MHV, and are described in Section III,H. Clearly, the po- 
tential contributions of these and other coronavirus mutants to the 
study of coronavirus replication are enormous. In combination with 
cloning of the viral mRNAs and genomic RNA, which is being done in 
several laboratories, mutants will be invaluable for the analysis of 
coronavirus genetics, pathogenesis, and replication. 
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H. Persistent Infection 


Coronaviruses are capable of inducing persistent infection in ani- 
mals (Robb and Bond, 1979a; Wege e# a/., 1982) and in tissue cultures. 
Many persistent infections were summarized at the Wurzburg Sym- 
posium on Coronaviruses (ter Meulen et al., 1981; Siddell e¢ al., 1982). 
The salient feature of these infections was that in most cases the ma- 
jority of cells remained antigen negative, yet all of the cells were re- 
sistant to superinfection with wild-type virus. Stohlman et al. (1979) 
derived cold-sensitive mutants of JHM from persistently infected neu- 
roblastoma cells. These were rescued from latently infected cells by 
polyethylene glycol-induced fusion to permissive cells. Hirano et al. 
(1981) obtained small plaque mutants of JHM, and Holmes and Behn- 
ke (1981) isolated small plaque and temperature-sensitive mutants of 
A59 from persistently infected cells. These mutants have not yet been 
fully characterized. 

In order to understand the balance between virus and host which 
permits this persistent infection, it is necessary to identify the host 
functions which are utilized by the viruses during the replicative cycle 
and to characterize in detail the controls exerted upon coronavirus 
transcription and translation. 


I. Host Regulation of Viral Replication 


There are important host controls over coronavirus replication at 
several levels. Immune response genes may play an important role in 
resistance to coronavirus-induced disease (Dupuy et al., 1975). Howev- 
er, genetic factors are also important at the single-cell level. These are 
the focus of our discussion. 

Bang and Warwick (1960) demonstrated that while the PRI strain of 
MHV (MHV-2) caused fatal hepatitis in mice of the PRI strain, this 
virus did not kill C83H mice. This susceptibility of PRI mice to death 
induced by MHV-2 was found to be inherited as a dominant gene (Bang 
and Warwick, 1960; Kantoch e# al., 1963). By backcrossing, Weiser et 
al. (1976) created a strain of mice congenic to C3H mice, but bearing 
the dominant susceptibility to MHV-2 (C3H-ss strain). Extensive stud- 
ies were done comparing the effects of MHV-2 on C3H and C3H-ss mice 
(Weiser and Bang, 1976; Taylor e¢ al., 1981; Bang, 1981). By various 
manipulations, Bang and his associates were able to modulate the 
effects of MHV on the susceptible and resistant mice. Treatment of 
resistant animals with cortisone (Gallily et al., 1964) or a protein- 
deficient diet (Bang, 1981) rendered them susceptible so that they died 
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from a small dose of MHV-2, and treatment of susceptible animals 
with concanavalin A rendered them resistant so that they could sur- 
vive a normally fatal dose of MHV-2 (Weiser and Bang, 1977). 

The susceptibility or resistance of different mouse strains to MHV-2, 
as measured by survival of animals, was directly correlated with the 
response of peritoneal macrophages from each strain in culture to this 
virus (Bang and Warwick, 1960; Bang, 1981). However, the cell cul- 
ture conditions greatly affected these results. When fetal bovine serum 
was substituted for horse serum in the medium, the difference in virus 
yields between macrophages from resistant and susceptible mice was 
significantly reduced (Lavelle and Bang, 1971; Bang, 1981). The mech- 
anism for this cellular restriction of MHV-2 synthesis in cells from 
resistant animals under defined conditions has not yet been charac- 
terized. Shif and Bang (1970) demonstrated that the restriction was at 
a stage subsequent to virus adsorption, and suggested that degrada- 
tion of virions within the resistant cell might be responsible. Later, 
Cody showed that the virus grew equally well in resistant and suscep- 
tible cells, but was one-twentieth as infective for resistant cells (Cody, 
1980; Bang, 1981). In his last publications (Bang and Cody, 1980; 
Bang, 1981), Bang described recent experiments which suggested that 
macrophage resistance to MHV-2 was also dependent upon associated 
lymphocyte action. He also suggested that cell-bound interferon might 
play a role in protecting the genetically resistant cell. 

The pioneering studies of Bang and his co-workers were extended by 
other investigators using different strains of MHV. These studies dem- 
onstrate that MHV-2, MHV-3, and MHV-JHM exhibit different pat- 
terns of host susceptibility and resistance. Although replication of 
MHV-2 was restricted in C3H mice, replication of MHV-3 was only 
partially reduced (LePrevost et al., 1975; Virelizier and Allison, 1976; 
Yamada et al., 1979; Taguchi et al., 1981). Furthermore, A/J mice, 
which were resistant to MHV-3, were susceptible to MHV-JHM 
(Knobler et al., 1981b). Resistance to MHV-3 and MHV-JHM corre- 
lated with failure of the virus to replicate and with delayed appearance 
of CPE after low-multiplicity infection of cultures of peritoneal mac- 
rophages (Virelizier and Allison, 1976; Macnaughton and Patterson, 
1980; Krzystyniak and Dupuy, 1981; Knobler e¢ al., 1981a,b; Stohlman 
and Frelinger, 1981; Stohlman ef al., 1982a), neuronal cells (Knobler et 
al., 1981a,b), and hepatocytes (Arnheiter and Haller, 1981; Arnheiter 
et al., 1982). Resistance was partially overcome by infection at higher 
multiplicities, resulting in cell destruction, although virus yields re- 
mained low (Virelizier and Allison, 1976; Macnaughton and Patterson, 
1980; Arnheiter et al., 1982; Knobler et al., 1981b). Arnheiter et al. 
(1982) showed by fluorescent antibody staining that in the first cycle of 
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virus replication, resistant cultures of hepatocytes had fewer cells ex- 
pressing viral antigen. However, after infection at high multiplicty 
(multiplicity of infection of 100), all cells contained viral antigens, 
including E2 and E1, but virus production was delayed and virus 
yields remained low. The characterization of this cellular restriction to 
MHV replication remains incomplete. 


IV. STRUCTURE AND BIOLOGICAL ACTIVITIES 
OF CORONAVIRUS GLYCOPROTEINS 


A. The Peplomeric Glycoprotein, E2 


Much of our present knowledge about the structure and functions of 
coronavirus glycoproteins comes from studies of MHV. A model for the 
structure of the E2 glycoprotein of MHV-A59 is shown in Fig. 22. Some 
of the important features of this model include (1) anchoring of one end 
of the protein in the viral envelope; (2) covalent attachment of palmitic 
acid; (3) a single trypsin-sensitive site accessible in the native glyco- 
protein on the virion; (4) the presence of SH groups and disulfide 
bonds; (5) noncovalent association between the subunits (90A and 90B) 
of E2; and (6) oligosaccharide side chains on both subunits. 

E2 is probably anchored to the viral envelope through a short hydro- 
phobic region, as Pronase or bromelain quantitatively removed both 
180K and 90K species from the intact virions, while the peplomers 
were removed (Sturman and Holmes, 1977). Palmitic acid is covalently 
attached, probably at or near the hydrophobic domain which anchors 
the peplomer in the viral envelope, since this has been demonstrated 
for the influenza virus hemagglutinin (Schmidt, 1982a) and the G 
protein of VSV (Petri and Wagner, 1980. Although detergent-sol- 


Fic. 22. Model of the peplomeric glyco- 
protein £2. This is a provisional model of 
E2 which shows some of the important 
structural features of the peplomeric gly- 
coprotein such as the acylation, glycosyla- 
tion, presence of both sulfhydryl groups 
and disulfide bonds, and the existence of a 
trypsin-sensitive cleavage site in the cen- 
ter of the molecule which results in the 
formation of two species, tentatively called 
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ubilized E2 could be digested by trypsin into many peptide fragments, 
there appears to be only a single trypsin-sensitive cleavage site ac- 
cessible in the native 180K molecule on the MHV-A59 virion (Sturman 
and Holmes, 1977. 

Disulfide linkages mask proteolytic cleavage in the hemagglutinin 
of HEV. Upon reduction, the 140K hemagglutinin (E2) of strain 
VW527 disappeared and a new polypeptide species (gp76) appeared, 
indicating that the 140K E2 was composed of two 76K subunits which 
were linked through disulfide bonds (Callebaut and Pensaert, 1980). 
The hemagglutinin of HEV strain FS255 was also sensitive to treat- 
ment with sulfhydryl reagents; exposure to dithiothreitol resulted in 
the loss of hemagglutinating activity and release of gp125 from the 
virion (Pocock, 1978). 

Several investigators have reported that coronavirus infectivity was 
most stable below pH 7 (Pocock and Garwes, 1975; Alexander and 
Collins, 1975; Sturman, 1981). The pH-dependent thermolability of 
MHV infectivity shown in Fig. 2 appeared to be the result of a confor- 
mational change in E2 which led to aggregation of the peplomeric 
glycoprotein (Sturman, 1981). Intrachain disulfide and sulfhydryl 
groups appeared to be important in determining the conformation of 
E2, as pH and temperature-dependent aggregation of E2 on virions or 
of isolated, NP-40-solubilized E2 were enhanced by reducing agents 
and sulfhdry] blocking reagents (Sturman, 1981). 

There is no evidence for interchain disulfide bridges between the 
90A and 90B subunits of MHV-A59 E2; they remained associated non- 
covalently on the virion after trypsin cleavage of the peplomer (Stur- 
man, 1977; Sturman and Holmes, 1977). During pH 8 inactivation, 
however, some 90K E2 was released, and incubation with reducing 
agents caused release of more 90K E2. This was probably associated 
with a change in the conformation of this molecule following reduction 
of intramolecular disulfide bonds. The same appears to be true for the 
liberation of gp125 from HEV strain FS255 (Pocock, 1978). 

Present evidence indicates that E2 possesses six or more biological 
activities (Table V): 


1. Binding of virions to receptors on the plasma membrane of sus- 
ceptible cells (adsorption and hemagglutination) appears to be medi- 
ated by E2. Purified, radiolabeled E2 bound to susceptible cells but not 
to cells lacking in virus receptors, such as erythrocytes (K. V. Holmes, 
unpublished data). Binding of E2 was inhibited by preincubation of 
cells with excess MHV. Virions from which the peplomers had been 
removed, or particles without peplomers, exhibited markedly reduced 
capacities for cell attachment and infection (Holmes e¢ al., 1981a). In 
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TABLE V 


FUNCTIONS OF CORONAVIRUS GLYCOPROTEINS® 


E2, the peplomeric glycoprotein 
1. Binding to receptors on the cell membrane (adsorption and/or hemagglutination) 
2. Inducing neutralizing antibody 
3. Eliciting cell-mediated cytotoxicity 
4. Causing pH-dependent thermolability of coronaviruses 
5. Inducing cell fusion; may be activated by proteolytic cleavage 
6. Fusing viral envelope with cell membrane for infection; may be activated by 
proteolytic cleavage 


E1, the matrix glycoprotein 
1. Determining location of viral budding 
2. Forming viral envelope 
3. Interacting with viral nucleocapsid 


« Adapted from Holmes eé al. (1981b). 


HCV-0C43, monospecific antibody to E2 inhibited hemagglutination 
(Schmidt and Kenney, 1982). Coronaviruses which hemagglutinate 
include some strains of IBV, HEV, HCV-0C38/43, MHV-3, a murine 
enteric coronavirus, rabbit enteric coronavirus, and BCV (see Section 
TIT,B). 

Initially, trypsin treatment of virions appeared to be necessary for 
activation of IBV hemagglutinin (Corbo and Cunningham, 1959). Sub- 
sequently, however, the IBV hemagglutinin was shown to be inacti- 
vated by trypsin (Bingham et al., 1975). Trypsin also destroyed the 
hemagglutinating activity of OC38/43 viruses (Kaye and Dowdle, 
1969). There appeared to be significant strain differences in IBV 
hemagglutination (Bingham et al., 1975), and the response of IBV to 
trypsin was also strain dependent. 

2. E2 is responsible for the induction of neutralizing antibody. 
Garwes et al. (1976, 1978-1979) were the first to show that antibody 
against purified surface projections (of TGEV) possessed virus-neu- 
tralizing activity in vivo. In accordance with this, Macnaughton et al. 
(1981) found that most of the antibody induced during infection of 
human volunteers with HCV-229E was directed against the surface 
projections of the virus. Hasony and Macnaughton (1981) also showed 
that immunization of mice with E2 protected them against infection 
with MHV-3, whereas immunization with El or N failed to provide 
protection against virus challenge. Holmes e¢ al. (1981b) demonstrated 
that monospecific antibody against MHV-A59 E2 neutralized infec- 
tivity in cell culture, and similarly Schmidt and Kenny (1981, 1982) 
showed that monospecific antibody to E2 of HCV-OC43 neutralized the 
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virus in vitro. Monoclonal antibodies against MHV-JHM E2 were 
shown by Collins et a/. (1982) to neutralize MHV-JHM virus infectivity 
in the absence of complement, whereas monoclonal antibody to El 
exhibited neutralizing activity only in the presence of complement. 

3. E2 on the surface of infected cells renders them susceptible to 
cytotoxic effects of spleen cells. The cell-mediated cytotoxicity of spleen 
cells from uninfected mice to MHV-A59-infected cells was also inhib- 
ited by antibody to E2 (Haspel et al., 1981). 

4, The pH-dependent thermolability of coronavirus virions is due to 
aggregation of E2. This conformational change in E2, which occurs 
above pH 6.5 at 37°C, is sensitive to sulfhydryl reagents (Sturman, 
1981). 

5. E2 is responsible for cell fusion. Cell fusion was frequently a 
prominent feature of coronavirus infection in vivo and in vitro. The 
extent of cell fusion depended upon the virus strain, host cell, and the 
conditions of infection. The role of E2 in the induction of cell fusion is 
indicated by the observation that coronavirus-induced fusion was in- 
hibited by monospecific and monoclonal antibodies to E2 (Holmes, 
1981b; Collins et al., 1982; Fig. 23A and B), and by the finding that 
treatment of infected cells with tunicamycin inhibited both the syn- 
thesis of E2 and cell fusion (Holmes e¢ al., 1981a). 

Trypsin in the overlay medium enhanced plaque formation of an 
enteropathogenic bovine coronavirus and several strains of IBV (Storz 
et al., 1981a,b; Otsuki and Tsubokura, 1981). In the presence of tryp- 
sin, infection with coronaviruses was associated with cell fusion (Storz 
et al., 1981a,b; Toth, 1982). Similar findings were obtained with a 
mutant of MHV-S which did not ordinarily induce cell fusion (Yoshi- 
kura and Tejima, 1981). Trypsin treatment of infected cells also en- 
abled MHV-S to form fusion plaques on otherwise resistant cells, and 
allowed MHV-2 to form fusion-type plaques. This effect of trypsin on 
the ability of coronaviruses to induce cell fusion is similar to that 


Fic. 23. The role of E2 in coronavirus-induced cell fusion. L2 cells infected with 
MHV-A59 at a multiplicity of 3 PFU/cell show significant cell fusion after 19 hours (A). 
However, if monospecific antibody against the E2 glycoprotein is added to the culture 
from 2 hours after infection, the virus-induced cell fusion is prevented (B). Monospecific 
antiserum against the E1 glycoprotein does not prevent coronavirus-induced cell fusion; 
this suggests that E2 is the fusion factor of MHV(C). x 100. (From K. V. Holmes.) (D and 
E) Fusion of uninfected L2 cells by direct action of concentrated MHV-A59 on the plasma 
membrane does not occur within 2 hours (D). However, if the virions had been previously 
treated with trypsin to cleave the E2 180K to E2 90K, then rapid fusion of uninfected 
cells was observed (E). This and other observations suggest that coronaviruses have a 
protease-activated cell fusion factor like those found in other enveloped RNA viruses. 
(From L. S. Sturman.) 
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observed with the F protein of paramyxoviruses and the HA protein of 
myxoviruses (Klenk and Rott, 1981). Sturman and Holmes (1977) 
showed that trypsin treatment of MHV-A59 resulted in cleavage of 
180K E2 to 90K. 

Recently, direct evidence has been obtained for the role of proteolytic 
cleavage of E2 in cell fusion. Regardless of the multiplicity of infection, 
efforts to obtain rapid cell fusion with a coronavirus had been unsuc- 
cessful until we employed virus which had been treated with trypsin 
which caused cleavage of E2 (180K) to E2 (90A + 90B). Cell fusion 
occurred rapidly after addition of this virus and in the absence of viral 
protein synthesis (Fig. 23C and D). 

6. Proetolytic cleavage of E2 may be required for viral infectivity. 
However, this has not yet been proven. Many investigators have stud- 
ied the effects of trypsin on coronavirus infectivity with mixed results. 
For example, trypsin treatment at low concentrations (10 y/ml) en- 
hanced MHV-A859 infectivity two- to threefold, whereas at high con- 
centrations (1 mg/ml), infectivity was reduced by the same relative 
degree (Sturman and Holmes, 1977). Since a large proportion of MHV- 
associated E2 was already in the 90K form, it has not been possible to 
assess the role of proteolytic cleavage of E2 as was done with the Fy 
glycoprotein of Sendai virus and the HA, glycoprotein of influenza 
virus (Klenk and Rott, 1981). When a source of coronavirus with un- 
cleaved E2 is identified, the effect of specific cleavage of E2 on virus 
infectivity can be demonstrated conclusively. 


B. The Matrix Glycoprotein, E1 


E1 is in many ways a unique viral glycoprotein. It performs func- 
tions associated with matrix proteins of other viruses, yet it is glycosy- 
lated and protrudes from the viral envelope. E1 comprises approxi- 
mately 40% of the protein of the virion and contains 70% of the meth- 
ionine label. At first, E1 was difficult to study because of its unusual 
tendency to aggregate upon heating at 100°C in SDS (Figs. 4 and 5; 
Sturman, 1977). The generation of multimers of E1 produced a variety 
of polypeptide patterns on SDS-PAGE depending upon the conditions 
of sample treatment. Aggregation of E1 in SDS has been described for 
other strains of MHV (Wege e¢ al., 1979) and for other coronaviruses as 
well (Callebaut and Pensaert, 1980; Schmidt and Kenny, 1982). Multi- 
ple forms of E1 were also distinguished within the 20-25K apparent- 
molecular-weight range (Wege et al., 1979; Siddell e¢ al., 1981b; Rottier 
et al., 1981b; Holmes, e¢ al., 1981b). These may reflect differences in 
the number or heterogeneity of the oligosaccharide chains on E1. 
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Fic, 24. Medel of the membrane glyco- 
protein E1. This is a provisional model of 
the E1 glycoprotein which is associated 
with the coronavirus envelope, showing 
some of the characteristic features of the 
molecule. These include the amino-termi- 
nal end (N) of the protein which protrudes 
from the envelope and bears the O-linked 
carbohydrate side chains, and the exten- 
sive domains of the E1 within and beneath 
the membrane where they can interact 
with other E1 molecules, with the nucleo- 
capsid, or with E2. Many of the charac- 
teristics of coronaviruses, such as their in- 
tracellular budding site, may be deter- 
mined by the properties of the El glyco- 
protein. 


A model for the E1 glycoprotein of MHV-A59 is shown in Fig. 24. E1 
appears to possess three domains: 


1. A small 5K hydrophilic region, containing all of the carbohydrate 
on the molecule, extends outside the viral envelope and can be re- 
moved by Pronase of bromelain (Sturman and Holmes, 1977). Stern et 
al, (1982) have shown that for the E1 of IBV, this external domain 
represents the amino-terminal portion of the molecule. We do not 
know anything about the functions of this glycosylated portion of E1 
which may have important cooperative effects with E2. 

2. A hydrophobic domain resides within the lipid bilayer. Disulfide 
bonds are illustrated in this region because aggregation of El in SDS 
at 100°C was markedly enhanced in the presence of reducing agents, 
which indicated that reduction of disulfide bonds exposed a highly 
hydrophobic domain (Sturman and Holmes, 1977). 

3. The third domain of E1 resides on the inner surface of the enve- 
lope and may be associated with the nucleocapsid. As described earlier, 
after solubilization of the viral envelope with NP-40 at 4°C, the nu- 
cleocapsid could be separated from both E1 and E2, but at 37°C, E1 
reassociated with the nucleocapsid (Sturman et al., 1980; see Fig. 10B). 
E1 has been shown to bind to RNA in the nucleocapsid. However, this 
interaction was not specific for MHV RNA. Nucleocapsid structures of 
other coronaviruses also interacted with E1 (Garwes et al., 1976; 
Pocock and Garwes, 1977). 


E1 appears to be the only glycoprotein required for coronavirus bud- 
ding, as shown by the fact that in MHV-infected, tunicamycin-treated 
cells, in which E2 was made in markedly reduced amounts and not 
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incorporated into virions, MHV virions were formed and released nor- 
mally. Therefore, we infer that E1 is responsible for the formation of 
the viral envelope. E1 of IBV contained N-linked, rather than O- 
linked, oligosaccharides (Stern and Sefton, 1982c). Glycosylation of the 
E1 of IBV was inhibited by tunicamycin, but virions which lacked E2 
and contained nonglycosylated E1 were produced. Thus, glycosylation 
of E1 was not essential for formation of IBV virions. 

The intracellular localization of E1 on intracytoplasmic membranes 
(Fig. 17) may determine the characteristic budding sites of coro- 
naviruses, which are limited to the endoplasmic reticulum and the 
Golgi apparatus (Holmes et al., 1981b; Doller et al., 1983). E1 may also 
contain sites for interaction with the viral peplomers. Some monoclo- 
nal antibodies to E1 have been shown to exhibit neutralizing activity, 
but only in the presence of complement (Collins et al., 1982). The pos- 
sibility has not been excluded that El may also have a role in other 
functions which are presently thought to involve E2, such as the in- 
teraction of virions with cell receptors, production of a cell-mediated 
immune response, and induction of cell fusion. 


V. ANTIGENIC RELATIONSHIPS AMONG CORONAVIRUSES 


Antigenic relationships among IBV, HCV, and MHV strains were 
first studied in detail, by immunofluorescence, hemagglutination inhi- 
bition, and neutralization, by McIntosh et al. (1969) and Bradburne 
(1970). These investigators established that MHV and some human 
coronaviruses were antigenically related, while IBV did not cross-react 
with HCV or MHV. MclIntosh’s data indicated that there were at least. 
two subgroups of human coronaviruses. HCV-OC38, and the very simi- 
Jar OC 43, showed a close antigenic relationship to MHV, but none of 
these cross-reacted with HCV-229K. Bradburne also found an anti- 
genic relationship between OC43 and MHV; however, he detected 
some cross-reactivity between HCV-229E and both OC43 and MHV. 
More recently, Schmidt and Kenny (1982), using rocket immunoelec- 
trophoresis, found no evidence of cross-reactivity between any of the 
structural proteins of HCV-229E and OC43, whereas Gerdes et al. 
(1981a,b) and Hasony and Macnaughton (1982) detected some anti- 
genic cross-reactivity between the N proteins of HCV-229E and MHV 
by immunoprecipitation and enzyme-linked immunoassay. 

Using immunofluorescence, Pedersen et al. (1978) separated eight 
mammalian coronaviruses into two antigenically distinct groups. One 
group consisted of MHV, HEV, HCV-0C43, and BCV. The second 
group included TGEV, HCV-229K, FIPV, and CCV. Additional anti- 
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genic cross-reactions between other coronaviruses have been detected: 
the rat coronaviruses, RCV and SDAV, were antigenically related to 
MHV (Parker et al., 1970; Bhatt et al., 1972), and the rabbit coro- 
navirus which produces pleural effusion disease (RbCV) cross-reacted 
with both HCV-229E and HCV-OC43 (Small et al., 1979). Another 
mammalian coronavirus, the procine enteropathogenic coronavirus 
designated CV777, did not cross-react with any other coronavirus test- 
ed, including TGEV, HEV, FIPV, CCV, BCV, and IBV (Pensaert et al., 
1981). These antigenic relationships are summarized in Table VI. 

Recent studies of antigenic relationships among coronaviruses have 
focused on antigens of individual structural proteins and have em- 
ployed monospecific and monoclonal antibodies. Gerdes, Burks, and 
their co-workers showed that two coronaviruses (SD and SK) isolated 
from fresh autopsy brain tissue from two patients with multiple scle- 
rosis (Burks et al., 1980) were serologically related to MHV-A59 and 
HCV-O0C43 (Gerdes et al., 1981a,b). Antisera prepared against each of 
the four viruses, SD, SK, A59, and OC43, precipitated all three struc- 
tural proteins (E1, E2 and N) of the other three viruses, demonstrating 
that the structural proteins of these viruses were antigenically related. 
Gerna et al. (1981) found a high degree of cross-reactivity between E2s 
of OC43 and BCV. Reynolds e¢ al. (1980) showed cross-reactivity be- 
tween E2s of TGEV and CCV, and Horzinek et al. (1982) have demon- 
strated cross-reactivity between analogous E1, E2, and N proteins of 
TGEV, FIPV, and CCV using radioimmune precipitation, electroblot- 
ting, and enzyme-linked immunosorbent assay. At the present time, 
coronaviruses can be classified into two major subgroups: avian coro- 
naviruses and mammalian coronaviruses. Mammalian coronaviruses 
can be further subdivided into at least two subtypes. Within each sub- 
type, individual virus species can be readily distinguished. There ap- 
pears to be a great degree of antigenic diversity within some coro- 
navirus species which have been studied extensively, including IBV 
and MHV. This suggests that there may be considerable antigenic drift 
in these coronaviruses (see Section IIT,G). 


VI. CoNCLUSIONS 


Coronaviruses have recently emerged as an important group of ani- 
mal and human pathogens which share a distinctive replicative cycle. 
Some of the unique characteristics in the replication of coronaviruses 
illustrated in Fig. 11 include generation of a 3’ coterminal-nested set of 
five or six subgenomic mRNAs, each of which appears to direct the 
synthesis of one protein. Two virus-specific RNA polymerase activities 


TABLE VI 


ANTIGENIC RELATIONSHIPS OF CORONAVIRUSES®® 


Viral substrates 


Antiserum HCV- HCV- 
against IBV MHV RCV SDAV 0C43. HEV BCV RbCV RbECV TGEV 229E FIPV FECV CCV PCV 

IBV + a * * = * * = ae, as =. bd * — = 
MHV - ttt +++ +44 +++ +++ 44 i # -(+) il = * 
RCV ‘a +++ +++ +4++ * * * * * * * * * - * 
SDAV s +++ +4++ +44 * * * * * * * * * 
HCV-0C43 — +++ " * +++ +44 +4 ++ * -- —(+) * - * 
HEV * + * 3 ++ +++ ++ - - ~ - * 7 = - 
BCV m + * * ++ +++ +44 * * - 7 - " - - 
RbCV =. aay = * = * * * * * + * * * * 
RbECV =, * cg * % * * * * * * * * * * 
TGEV as - = = - ~ - * * +++ + +++ . + = 
HCV-229E = GE) * * =(4) = - ++ + ++ +++ + a - * 
FIPV * = x * _ 7 * * +++ tt ttt 44+ $44 * 
FECV * . ie * * = * i - +++ * +++ t4++ 44+ : 
CCV - - * 5s = = = * # ~ 7 + * +++ = 
PCV —= * * * ok * = * * ‘ea * neat, * _ 4+ 


2 Adapted from Pedersen e¢ al. (1978). 
6 *, not tested. 
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have been identified. Early RNA polymerase snythesizes a negative 
strand of genome size. A double-stranded form has been identified in 
the infected cell. The subgenomic mRNAs are synthesized from a full- 
length, negative-stranded template by a second (late) RNA poly- 
merase. RNA fusion or some other type of RNA modification appears to 
be involved in mRNA synthesis. 

Many of the distinctive features of coronavirus infection and coro- 
navirus-induced diseases may result from the properties of the two 
coronavirus glycoproteins. The intracellular budding site, which may 
be important in the establishment and maintenance of persistent in- 
fections, appears to be due to the restricted intracytoplasmic migration 
of the E1 glycoprotein, which acts as a matrix-like transmembrane 
glycoprotein. E1 also exhibits distinctive behavior by self-aggregating 
on heating at 100°C in SDS and by its interaction with RNA in the 
viral] nucleocapsid. The E1 of MHV is an O-linked glycoprotein, unlike 
most other viral glycoproteins. Thus, the coronavirus system may be a 
useful model for the study of synthesis, glycosylation, and transport of 
O-linked cellular glycoproteins. 

E2 is a large, multifunctional, peplomeric glycoprotein which exhib- 
its unusual pH-and temperature-dependent conformational changes. 
As for the myxo- and paramyxoviruses, it appears that specific pro- 
teolytic cleavage of E2 is necessary for coronavirus-induced cell fusion, 
and may also be an important determinant of coronavirus patho- 
genicity. Future research must address the difficult problems of deter- 
mining the functional relationships and their roles in infection and 
disease. 

Thus, in recent years a large collection of facts about the replication 
of coronaviruses has been compiled. The interaction of these facts has 
formed a coherent system such as that described by Fleck (1979), so 
that a comprehensive understanding of the replication of the coro- 
naviruses has begun to emerge. As Uhlenbeck (1971) visualized, a new 
frontier has developed from the contributions of many investigators. 
From this frontier in coronavirus research, many new and exciting 
developments may now be anticipated. 
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